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vi   Angle of v-groove 
piR   Radial distance of hemisphere-tipped post 
pi   
Angle of hemisphere-tipped post with respect to part coordinate 
system 
viR   Radial distance of v-groove 
hpiB   Nonplanarity of hemisphere-tipped post 
hviB   Nonplanarity of v-groove 
ApR   Radial distance of alignment standard on the bottom surface 
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AvR   Radial distance of alignment standard on the top surface 
Av   Angle of alignment standard on the top surface 
CX   Mismatch of X-axis between top and bottom surface 
CY   Mismatch of Y-axis between top and bottom surface 
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ABSTRACT 
 
Assembly of modular, polymer microfluidic devices with different functions to 
obtain more capable instruments may significantly expand the options available for 
detection and diagnosis of disease through DNA analysis and proteomics. For 
connecting modular devices, precise, passive alignment structures can be used to 
prevent infinitesimal motions between the devices and minimize misalignment. The 
motion and constraint of passive alignment structures were analyzed using screw 
theory. A combination of three v-groove and hemisphere-tipped post joints constrained 
all degrees of freedom of the two mating modules without overconstraint. 
Simulations and experiments were performed to assess the predictability of 
dimensional and location variations of injection molded components. A center-gated 
disk with micro scale assembly features was replicated. Simulations using a commercial 
package (Moldflow) overestimated replication fidelity. Mold surface temperatures and 
injection speeds significantly affected the experimental replication fidelity. The location 
of features for better replication, at each mold surface temperature, moved from the 
edge of the mold cavity to the injection point as the mold surface temperature increased 
from 100˚C to 150˚C.  
Prototype modular devices were replicated using double-sided injection molding 
for the experimental demonstration. Dimensional and location variations of the 
assembly features and alignment standards were quantified for an assembly tolerance 
analysis. Monte Carlo methods were applied to the assembly tolerance analysis to 
simulate propagation and accumulation of variation in the assembly. In simulations, 
mean mismatches with standard deviations ranged from 115±29 to 118±30 µm and 
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from 17±11 to 19±13 µm along the X- and Y-axes, respectively. Vertical gaps with 
standard deviations at the X- and Y-axes were 312±37~319±37 µm, compared to the 
designed value of 287µm. The measured lateral mismatches were 103±7~116±11 µm 
and 15±9~20±6 µm along the X- and Y-axes, respectively. The vertical gaps ranged 
from 277±4 µm to 321±7 µm at the X- and Y-axes, respectively.  
The present study combined an investigation of microassembly technology with 
a better understanding of the micro injection molding process, to assist in realizing cost-
effective mass production of modular, polymer microfluidic devices enabling 
biochemical analysis. 
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CHAPTER 1. INTRODUCTION 
 
1.1 Motivation 
1.1.1 Modular, Polymer Microfluidic Devices 
Genetic analysis is a series of chemical reactions including mixing samples with 
reagents, thermal cycling, and separation of biomolecules to read genetic information 
stored in the long polymers of nucleic acids (Mastrangelo, et al., 1998). The 
significance of genetic analysis in the fields of life science and bioengineering is that 
the extracted genetic information can be used for detection and diagnosis of diseases 
through DNA analysis and proteomics so that it may be possible to treat predicted or 
detected disease (Motulsky, 1999). Conventional genetic analysis, including the 
polymerase chain reaction (PCR), electrophoretic seperation, and sequencing, requires 
larger sample volumes, excessive consumption of reagents, and longer thermal cycle 
times (Manz, et al., 1990; Mastrangelo, et al., 1998). This leads to increased analysis 
cost and time and restricted accessibility to genetic analysis. 
The miniaturization of diagnostic devices for genetic analysis can overcome 
many of the drawbacks of conventional genetic analysis and improve analytic 
performance (Manz, et al., 1990; Harrison, et al., 1992; Burns, et al., 1996; Woolley, et 
al., 1996; Mastrangelo, et al., 1998; Boone, et al., 2002). The advantages of 
miniaturization are mostly the reduction of the cost and time of analysis by decreasing 
the volume of the sample and reagent. Microfabrication of microfluidic devices using 
polymers can realize the miniaturization of conventional genetic analysis instruments. 
Each processing unit including sample preparation, amplification, separation, and 
identification can be realized by using microfabrication processes and materials.  
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Polymer microfluidic devices for analysis can be fabricated as single chips or as 
modules consisting of one or more functional units. The integration of all functional 
units on a single chip increases the complexity of microfabrication and decreases 
flexibility of diagnostic devices (Krulevitch, et al., 2002). Therefore, modularization of 
microfluidic devices into one or more functional units and assembly of these modules 
may be a better choice for integration of diagnostic systems at low cost. The 
modularization provides an opportunity for enhanced functionality and flexibility of 
polymer microfluidic systems as diagnostic instruments. Each module can be tested 
before assembly so that it increases reliability of the systems. Modules can also be 
assembled in different combinations enabling ‘custom’ instrumentation. 
1.1.2 Assembly Technology for Modular, Polymer Microfluidic Devices 
Assembly is an essential technology for the development of advanced 
microsystems integrating various functional tasks including sensing, analysis, and 
actuation (Fatikow and Rembold, 1997; Cohn, et al., 1998; Ehrfeld, et al., 2001). 
Microassembly in microfluidics integrates modules into a complete system, bypassing 
material limitations and process incompatibilities in microfabriction, and generates new 
functionality from the combination of different devices (Gravesen, et al., 1993; Bashir, 
2004; Erickson and Li, 2004). One of the critical issues in assembly is the fluidic 
interconnection between modular microfluidic devices (González, et al., 1998; Benett 
and Krulevitch, 1999; Gray, et al., 1999; Tsai and Lin, 2001; Pattekar, et al., 2003). 
Fluidic interconnects provide a path for introduction and transport of samples and 
reagents into reservoirs and channels. It requires the robust, manufacturable 
interconnection of different microfluidic devices so that small volumes of analyte can be 
passed between devices without reducing the reliability or sensitivity of the analysis. 
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The interconnection integrates the functional units including sample preparation, 
amplification, separation, and identification into complete microfluidic systems. 
For interconnecting modular, polymer microfluidic devices, precise, passive 
alignment can prevent infinitesimal motions between the devices and minimize 
misalignment of the devices. Misalignment of interconnected microdevices can have an 
adverse effect on both pressure and electro-kinetically driven flows. Development of 
inexpensive alignment techniques enabling reliable interconnection between 
microdevices is needed. Passive alignment (Slocum and Weber, 2003) without 
additional optical alignment processes can reduce complex, time-consuming assembly 
steps so that the assembly of polymer, modular microdeveices is realized economically. 
Assembly technology using passive alignment can increase the flexibility of the systems 
and contribute to cost-effective mass production of these systems. The same assembly 
technology can be applicable to the fields of system integration of microcomponents, 
interconnection of microfluidic devices, assembly of hybrid microsystems, and parallel 
assembly of microdevices. 
1.1.3 Polymer Microfabrication 
The microfabricated gas chromatograph (GC) (Terry, et al., 1979) was the first 
application of microsystem technologies for analytical instrumentation, but it did not 
lead to immediate miniaturization of conventional fluid analysis systems (Boone, et al., 
2002). Since Manz and Harrison’s ground breaking work (Manz, et al., 1990; Manz, et 
al., 1991; Harrison, et al., 1992) in the early 1990’s, microfluidic devices using silicon 
or glass have been developed to process chemical and biological fluids for analytical 
instrumentation applications (Woolley and Mathies, 1995; Burns, et al., 1996; Woolley, 
et al., 1996; Becker, et al., 1998; Stjernström and Roeraade, 1998; Boone, et al., 2002). 
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Silicon or glass-based microfabrication used technologies similar to those developed for 
the microelectronics industry, such as lithography, wet etching and dry etching 
(Plummer, et al., 2000). Even though microfabrication techniques have been well-
developed for silicon and glass, these have significant limitations including the cost of 
raw materials, complex steps for microfabrication, geometric constraints resulting from 
the etching processes, and bio-incompatibility (Becker and Gärtner, 2000).  
Compared to silicon and glass, polymers such as polycarbonate (PC) and 
polymethylmethacrylate (PMMA) have excellent material properties and advantages for 
the cost-effective mass production of microfluidic devices (Mastrangelo, et al., 1998; 
Soper, et al., 2000; Boone, et al., 2002; Yao and Nagarajan, 2004). Polymers have a 
wide range of material properties including mechanical and optical properties and 
chemical characteristics for the fabrication of microfluidic devices. Moreover, polymers 
are highly biocompatible materials for handling molecules and living cells. The surface 
properties of polymers can be modified to control protein and cell adsorption (Blawas 
and Reichert, 1998; Werner and Jacobasch, 1999; Böhringer, 2004; Suh, et al., 2004), so 
that they are suitable for manufacturing microfluidic devices. Polymers have been used 
in microfluidic devices enabling biochemical analysis for the diagnosis of disease 
(Becker and Gärtner, 2000; Boone, et al., 2002; Ahn, et al., 2004). 
Various methods of manufacture, including injection molding, reaction injection 
molding, hot embossing, casting, laser ablation, and micromilling, have been developed 
to fabricate polymeric microdevices. These methods can be divided into direct or 
replication methods (Becker and Gärtner, 2000; Heckele and Schomburg, 2004).  
Direct methods are serial processes and each device is individually 
manufactured. Direct processes include laser ablation (Roberts, et al., 1997), 
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micromilling (Li, et al., 2002), and other techniques. Direct methods are used for rapid 
prototyping in the course of product design of microdevices because of the short 
turnaround time and easy modification.  
Replication methods use mold masters to transfer features into polymers. 
Injection molding (Su, et al., 2004), hot embossing (Roos, et al, 2002), and casting 
(Effenhauser, et al., 1997) are typical replication methods. Generally, injection molding 
has cycle times from 1 to 3 minutes, but hot embossing needs cycle times from 3 
minutes to 30 minutes due to the heating of the polymer (Becker and Gärtner, 2000; 
Heckele and Schomburg, 2004). Casting has a much longer cycle time, on the order of 
several hours, due to polymer curing (Becker and Gärtner, 2000; Heckele and 
Schomburg, 2004). Injection molding can be considered as the most promising method 
for cost-effective mass production of polymer microdevices. Moreover, injection 
molding has been well-developed for macro-scale mass production of components for 
automobiles to electronic home appliances. Even though micro injection molding is 
different from injection molding on the macroscale, due to the high ratio of surface area 
to volume of the microstructures, well-developed process technology in conventional 
injection molding is useful for understanding the selection of process parameters in 
micro injection molding. 
The first step of polymer microfabrication using injection molding is to 
fabricate a mold insert as a mold master. There are different ways, including LIGA 
(Despa, et al., 1999), UV-LIGA (Yu, et al., 2002), conventional precision machining (Li, 
et al., 2002), and silicon micromachining (Su, et al., 2004). A proper choice among 
options can be made by considering the manufacturing cost and the required quality of 
the final polymeric product (Pfleging, et al., 2003; Schulz, et al., 2004). The quality of 
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the mold inserts directly affects the quality of the molded microfeatures including 
roughness, flatness, and the integrity of feature locations and dimensions. The careful 
design of mold inserts can lead to high quality products. The second step is to replicate 
microfeatures from a mold insert in the polymer. The quality primarily depends on the 
polymer melt behavior during molding. The behavior can be analyzed by using process 
parameters including injection velocity, melt temperature, packing pressure, and mold 
temperature (Su, et al., 2004). These parameters play a dominant role in the filling, 
packing, and cooling stages.  
Polymer microfabrication using injection molding has significant potential for 
cost-effective mass production of microfluidic devices. Various process parameters that 
affect product quality through a series of manufacturing chains consisting of mold insert 
fabrication and molding can generate variation in feature locations and dimensions. 
Therefore, it is necessary to predict and control the product variation through sensitivity 
analysis of these process parameters. 
1.2 Objectives 
1.2.1 Understanding of Micro Injection Molding 
Micro injection molding is one of the most promising replication technologies 
for mass production of polymer microdevices. It has several advantages over other 
methods including short cycle time, good replication accuracy, and high productivity 
(Despa, et al., 1999; Su, et al., 2004; Yu, 2004). During molding, which consists of 
filling, packing, and cooling, the phase of the polymer melt changes from liquid to solid. 
This results in a molding process composed of complex physical phenomena. It is 
necessary to do parametric analysis for the design of the micro injection molding 
process. 
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Computer-aided engineering (CAE) models were constructed to predict flow 
behavior of the polymer melt for micro injection molding. Moldflow Plastics Insight
® 
5.1 (Moldflow, Framingham, MA), a commercial simulation software, was introduced 
as a CAE modeling tool. Compared to macro injection molding, the high ratio of 
surface area to volume of microstructures can significantly change the flow behavior of 
polymer melts (Su, et al., 2004; Yu, 2004). Using the CAE model helped understand the 
flow behavior and the interaction of process parameters so that proper conditions for the 
process, the mold design, and the quality of replication can be reliably predicted for 
micro injection molding. 
In molding, the dimensional and location variation of a molded part is inevitable 
since the mold inserts and polymer have a thermal history, including expansion and 
contraction (Rosato, et al., 2000; Beaumont, 2002). The variation can reduce the quality 
of a final product. Therefore, characterization of the variation is necessary to evaluate 
dimensional and location integrity of the molded part. 
A mold insert with test geometry was developed to assess feature location 
integrity and dimensional integrity of the molded part at each stage of the 
manufacturing process. The dimensions and locations of structures of the molded parts 
were measured. The measured values quantified the difference between design 
dimensions and actual dimensions so that the molded part can be designed while 
considering this difference. The information acquired from the test mold insert gave 
insight into the type, dimension, and location of assembly features for the fabrication of 
modular, polymer microfluidic devices. 
The first objective was to get a better understanding of the micro injection 
molding process through parametric analysis using simulation and experiments and gain 
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insight into the relationship between the process parameters and the integrity of 
dimensions and locations of the molded part. 
1.2.2 Investigation of Assembly Technology for Modular, Polymer Microfluidic 
Devices 
In conventional mechanical assembly, many researchers have applied screw 
theory (Adams, 1998; Whitney, 2004) and assembly tolerance models (Drake, P. J. Jr., 
1999) to analyze motion, kinematic constraint, and tolerance accumulation in assembly. 
However, in microassembly most researchers have depended on static analysis to design 
assembly features. Even though the importance of tolerance analysis of assemblies for 
the integration of microdevices or microcomponents is known, its use has not yet 
expanded into all fields of microsystems.  
Kinematic constraint was analyzed using screw theory to assist the design of 
assembly features. Through the analysis, the type and combination of kinematic joints 
which constrain all of the assembly feature degrees of freedom without over-constraint 
were designed for mating two polymer plates. The designed assembly features can 
prevent infinitesimal motions between modular, polymer microfluidic devices so that it 
can minimize misalignment of the devices. 
Two mold inserts with assembly features and alignment standards were 
developed for the double-sided injection molding of prototype modular microfluidic 
devices. The devices were injection molded using the mold inserts for the experimental 
demonstration of fabrication and assembly of the devices. Dimensional and location 
variation of the assembly features was quantified to evaluate the dimensional and 
location integrity. To validate the assembly scheme, the molded devices were assembled 
using passive alignment without additional active alignment processes. The accuracy of 
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assemblies was determined by measuring the relative positions of alignment standards 
on the devices. 
For assembly tolerance analysis of the devices, an assembly function 
representing critical feature variations of assembly as a function of the dimensional and 
location variations of the devices was modeled. The measured variations of the molded 
devices were coupled to the assembly function. Assembly tolerance analysis using 
Monte Carlo simulation was performed to predict the accuracy of the assembly.   
The second objective was to investigate assembly technology using screw theory 
and assembly tolerance analysis for the design of microassembly features and 
integration of modular, polymer microfluidic devices. The resulting technology will 
contribute to precise, accurate assembly of modular microdevices without additional 
optical processes enabling cost-effective mass production of microsystems. 
1.3 Outline of the Dissertation  
Chapter 2 contains background and a literature review on screw theory, 
kinematic constraint analysis, alignment methods for assembly, micro injection molding, 
and assembly tolerance analysis. Alignment features for assembling polymer, modular 
microfluidic devices are designed by using screw theory in Chapter 3. From the 
kinematic analysis, it is shown that three v-groove and hemisphere-tipped post joints 
exactly constrain the assemblies without over-constraint. Chapter 4 presents parametric 
analysis of the micro injection molding process for the fabrication of polymer 
microdevices. CAE models using Moldflow were constructed to assist the process 
design. The relationship between the process parameters and tolerances of the micro 
features were analyzed from the results of the simulations and experiments. Double-
sided injection molding of prototype modular microfluidic devices and characterization 
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of the modular devices are presented in Chapter 5. Assembly tolerance model was 
developed and assembly tolerance analysis using Monte Carlo methods was performed 
in Chapter 6. Assembly of the microdevices to verify the tolerance analysis is also 
discussed in the chapter  
Chapter 7 summarizes the overall research results and recommends future work 
which is needed to realize modular, polymer microfluidic devices enabling genetic 
analysis. 
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CHAPTER 2. BACKGROUND 
 
2.1 Introduction 
Some background on and a survey of the literature on screw theory, kinematic 
constraint analysis, alignment methods for microassembly, micro injection molding, and 
assembly tolerance analysis are useful for understanding the research. Definitions and 
physical interpretation of terminology are also reviewed in this chapter. 
2.2 Screw Theory 
Screw theory originates from Chasles’s and Poinsot’s theorems providing the 
concept of a twist and a wrench (Hunt, 1967; Gibson and Hunt, 1990). Twists and 
wrenches can be used to represent infinitesimal motions of and constraining forces and 
moments acting on bodies in space. On the basis of these theorems, in 1900, Ball 
outlined the basic definitions, axioms, and relationships characterizing screw theory. 
More recently Ohwovoriole and Roth expanded it to part mating for robotic assembly 
(Ohwovoriole and Roth, 1981). Kinematic modeling of assembly features developed by 
Adams and Whitney adopts screw representations to evaluate the degree of constraint in 
an assembly (Adams and Whitney, 2001; Whitney, 2004). 
2.2.1 Definition of a Degree of Freedom 
A degree of freedom can be defined as the possible motion of a rigid body with 
respect to a reference coordinate system (Hunt, 1978). A rigid body in two dimensions 
has three independent degrees of freedom, two translational and one rotational. 
Generally, a rigid body in three dimensions has six independent degrees of freedom, 
three translational and three rotational. The degrees of freedom define the position and 
orientation of a rigid body in the reference coordinate system (Blanding, 1999). 
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2.2.2 Definition of Constraint 
When rigid bodies are connected by joints or assembly features so that the 
number of degrees of freedom is reduced, it can be said that the rigid bodies are 
constrained. There are three types of constraint conditions, including exactly 
constrained, over-constrained, and under-constrained (Blanding, 1999; Whitney, 2004). 
Figure 2.1 shows an over-constrained joint (Blanding, 1999). Two constraints were 
modeled by attaching two links using pin joints that are simultaneously competing to 
control the same degree of freedom along the same constraint line. Overconstraint can 
result in residual stresses and a need for tight tolerances and special assembly 
techniques, so that it is generally avoided. Overconstraint can be defined as a redundant 
constraint of the same degree of freedom. If a rigid body has any degree of freedom 
unconstrained or uncontrolled, this can be defined as an under-constrained condition. 
From the definition of over- and under-constrained conditions, the exactly constrained 
condition can be inferred such that no degree of freedom is over-constrained nor has any 
degree of freedom left unconstrained (Blanding, 1999; Whitney, 2004). 
 
 
 
 
 
Figure 2.1 An example of overconstraint (Blanding, 1999). 
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2.2.3 Screws and Screw Coordinates 
Screws can be used to describe both the finite and infinitesimal displacements of 
rigid bodies by using a unique line. Ball defined a screw as “a straight line with which a 
definite linear magnitude termed the pitch is associated” (Ball, 1900). In this definition, 
the straight line is the screw axis. Ball used the screw as a basic element to study the 
statics, kinematics, and dynamics of rigid bodies. 
Chasles’s theorem states that any motion or physical displacement of a rigid 
body can be reproduced as a rotation of the body about a unique line in space and a 
translation along the same line (Ohwovoriole, 1980; Adams, 1998; Fuller, 2001; 
Whitney, 2004). According to Poinsot’s theorem, the forces and moments acting on a 
rigid body can be replaced by a single force along a screw axis and a single moment 
about that screw axis (Ohwovoriole, 1980; Adams, 1998; Fuller, 2001; Whitney, 2004). 
The pitch of the screw is defined as the ratio of the magnitudes of the linear translation 
to the rotational angle in a twist or the moment to the linear force in a wrench.  
A line in three-dimensional space can be represented by its Plücker coordinates, 
consisting of the direction cosines of the line and the moment of the line about the 
origin (Woo and Freudenstein, 1970; Ohwovoriole, 1980). Screw coordinates can be 
defined from Plücker coordinates for lines in space (Woo and Freudenstein, 1970; 
Ohwovoriole, 1980; Fuller, 2001). A unit screw can be specified by a unit vector, s , in 
the direction of the screw axis and any vector, 0s , from the origin to a point that lies on 
the line coincident with the screw axis. The unit screw is defined by using the pitch, p , 
as in Equation 2.1 (Ohwovoriole, 1980; Fuller, 2001). 
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Six components, ( ),,,,, 654321 SSSSSS , are screw coordinates of the unit screw. Five of 
the coordinates are independent because 0)( 0  sss . 
2.2.4 Twists and Wrenches 
A screw can represent either a twist or a wrench. The physical interpretation of a 
screw differs depending on whether it is used to describe the motion or force and 
moment of a rigid body. Chasles’s and Poinsot’s theorems provide a fundamental 
physical interpretation of the screw (Adams, 1998; Fuller, 2001). Chasles said that a 
twist is a screw that describes the first order instantaneous motion of a rigid body. From 
the screw coordinates, a twist can be represented as a row vector having six components. 
A twist can be represented by ][ 654321 TTTTTTT   (Adams, 1998; Whitney, 2004). 
The first triplet represents the angular velocity of the rigid body and the second triplet 
represents the linear velocity of a point on the rigid body. The pitch of a twist is defined 
as the ratio of the linear translation to the rotation angle. The pitch ( )p , adapted from 
line coordinates, can be defined as shown in Equation 2.2 (Ohwovoriole, 1980; Fuller, 
2001). 
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A wrench is a screw that describes the forces and moments acting on a rigid 
body in Poinsot’s theorem. From the screw coordinates, a wrench can be represented as 
a row vector having six components. A wrench is given by 
][ 654321 WWWWWWW   (Adams, 1998; Whitney, 2004). The first triplet is the net 
force, and the second triplet is the net moment applied to the rigid body. The pitch of a 
wrench is defined as the ratio of the moment to the force. The pitch of a wrench 
expressed using line coordinates is given in Equation 2.3 (Ohwovoriole, 1980; Fuller, 
2001), 
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2.2.5 Reciprocal Screws 
Twists and wrenches in a screw system can have a reciprocal relationship with 
each other. There is no work by reciprocal wrenches undergoing twists in a reciprocal 
screw system. Physically, reciprocal motions, twists, do not change the corresponding 
wrenches. When a rigid body contacts another rigid body without separation and 
penetration a reciprocal screw system is formed (Ohwovoriole, 1980; Adams, 1998; 
Fuller, 2001). From the reciprocal relationship, if a twist is known, the wrench can be 
calculated as the reciprocal of the twist. Consider a twist and a wrench given by T
 
and 
W , ][ 654321 TTTTTTT   and ][ 654321 WWWWWWW  , respectively. The virtual 
work (coefficient), U , done by the wrench, W , undergoing the twist, T , is defined as 
in Equation 2.4. 
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362514635241 TWTWTWTWTWTWU   (2.4) 
 
Ball called U  the virtual coefficient in his original treatise. Two screws are reciprocal 
to each other when their virtual coefficient is zero. 
2.2.6 Resultant Twist and Wrench 
If two or more assembly features connect rigid bodies, the motion of the bodies 
is constrained by the combination of the features in the assembly. Individual sets of 
screws for the assembly features can be gathered into a union of screws. The union is 
defined in Equation 2.5 (Adams, 1998). 
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The union has a matrix form of 6n , where n  is the number of independent screws 
for the features.  
The resultant motion or constraint is defined by a set of screws that is common 
to the individual sets of screws of the assembly features. That set of screws is the 
intersection of the screw system (Konkar and Cutkosky, 1995; Adams, 1998; Whitney, 
2004). Konkar and Cutkosky developed the first intersection algorithm (Konkar and 
Cutkosky, 1995). Adams and Whitney applied the intersection method using matrix 
manipulations and calculations with MATLAB
TM
 to assembly problems (Adams, 1998; 
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Adams and Whitney, 2001; Whitney, 2004). Shukla and Whitney extended Konkar’s 
intersection algorithm to parallel mechanisms that contained parallel mechanisms 
embedded in them and to constraint analysis (Shukla and Whitney, 2005). The 
intersection provided the resultant motion and constraint state of rigid bodies connected 
by assembly features. The intersection of screws can be defined by using the double 
reciprocal of screws defined by Equation 2.6 (Adams, 1998). 
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If the original screws are twists, the intersection of the screws yields resultant 
twists that describe the motion allowed by the combination of the assembly features. 
Each row of the resultant twistmatrix can be interpreted as an independent degree of 
freedom in the assembly. If the original screws are wrenches, the intersection of the 
screws provide resultant wrenches. The resultant wrenches physically represent 
overconstraint by the assembly features and any row of the resultant wrenchmatrix 
overconstrains the corresponding degree of freedom of the mating parts (Adams, 1998; 
Whitney, 2004). Consequently, assembly features simultaneously compete to control the 
same degree of freedom. The resultant twistmatrix, RT , has the form of Equation 2.7 
(Adams, 1998). 
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Equation 2.7 shows the permissible degrees of freedom of rigid bodies connected using 
assembly features. The first triplet in each row represents the axis of rotation and the 
second triplet represents translation in the reference coordinate system. The resultant 
wrenchmatrix, RW , is of the form of Equation 2.8 (Adams, 1998). 
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In the wrenchmatrix, the first triplet represents overconstraint in the translational 
direction and the second triplet represents overconstraint in the rotational direction. 
2.3 Kinematic Constraint Analysis Using Screw Theory 
Kinematic modeling of assembly features gives mathematical expressions for 
the state of constraint and provides information on the relative motion of parts 
connected by assembly features. Screw theory can mathematically describe the action of 
assembly features of kinematic joints. 
2.3.1 Kinematic Joints for Constraint 
Kinematic joints provide highly accurate, repeatable couplings in assembly, so 
that they have been widely used in instrumentation and metrology (Slocum, 1992; 
Schouten et al., 1997; Culpepper, et al., 2002). Kinematic joints have three types of 
contact conditions: point, line, and surface contact (Hunt, 1978). The contact condition 
of a joint determines the method of constraint for a joint, or permits the relative motion 
between parts connected by the joint. The allowed motion represents the degree of 
freedom of the assembly. According to the contact conditions, kinematic joints can be 
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classified as lower pairs, which have surface contact, and higher pairs, which have point 
or line contact (Hunt, 1978). Lower pairs have one, two, or three degrees of freedom. 
Higher pairs can be replaced by combinations of lower pairs. There are various types of 
kinematic joints which can constrain from one to six degrees of freedom of connecting 
parts (Woo and Freudenstein, 1970; Whitney, 2004). The degrees of freedom of an 
assembly depend on the combination of kinematic joints, including the number and 
types of the joints. In the design of the joint combination connecting parts, over- and 
under- constraint should be avoided. The performance of the kinematic joints can be 
evaluated for repeatability and accuracy. Kinematic joints can provide position 
repeatability of less than one micrometer in fixturing applications (Slocum, 1992). 
2.3.2 Screw Theory for the Kinematic Design of Assembly Features 
Ohwovoriole and Roth introduced two new types of screw systems, extending 
screw theory to include reciprocal, repelling, and contrary screw systems (Ohwovoriole, 
1980; Ohwovoriole and Roth, 1981). Extended screw theory described the infinitesimal 
motion of rigid bodies while the constraints between rigid bodies were instantaneously 
in contact, separation, or penetration of each other. If there was positive work by a 
reciprocal wrench undergoing a twist, two rigid bodies were separated and the virtual 
coefficient between the two screws was greater than zero. The two screws form a 
repelling screw pair. If there was negative work by a reciprocal wrench undergoing a 
twist, two rigid bodies would attempt to penetrate each other and the virtual coefficient 
between the two screws was less than zero, and the two screws form a contrary screw 
pair.  
Their objective was to provide mathematical models for the automation of part 
assembly. They showed that reciprocal or repelling twists to the constraining wrenches 
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allow an assembly to proceed. Konkar and Cutkosky developed an intersection 
algorithm for computing resultant twists and wrenches (Konkar and Cutkosky, 1995). 
This algorithm took advantage of reciprocity between twists and wrenches. It was 
applied to analysis of the state of constraint of parts in an assembly. Adams and Whitney 
applied screw theory to analyze the state of constraint of mating parts which were 
joined by one or more assembly features (Adams, 1998; Adams and Whitney, 2001). 
They showed 17 types of basic assembly features and possible relative motions between 
mating parts permitted by the assembly features. Adams applied Konkar and Cutkosky’s 
algorithms to analyze the state of constraint due to assembly features. Whitney 
presented a toolkit of features for assembly, including 19 assembly features, to calculate 
the relative degrees of freedom for two mating parts in assembly (Whitney, 2004). The 
toolkit was based on the part mating models (Wu and Kim, 1994) for automatic 
assembly for robots. 
2.4 Alignment Methods for Assembly 
Alignment is used to set components or devices in a desired relative location, 
consisting of a position and orientation, for assembly. In microsystems, precise 
alignment is needed to assemble microcomponents or stack substrates containing 
microstructures (Bäcklund, 1997; Gerlach, et al., 2001; Ling, et al., 2002; Popa, et al., 
2002; Slocum and Weber, 2003). There are two prevailing alignment techniques, active 
alignment using machine vision systems and passive alignment using kinematic 
constraints (Bäcklund, 1997; Popa, 2002). 
2.4.1 Definition of Active Alignment 
Active alignment is defined such that the mismatch of the alignment of two or 
more parts is continuously monitored in the process of assembly so that the location of 
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the parts is fixed as the mismatch is minimized (Bäcklund, 1997). Mask alignment 
using machine vision systems for multilayer processing and silicon micromachining in 
UV-lithography are typical examples of active alignment (Madou, 2002). In mask 
alignment, the positioning is usually performed by using a translating and rotating 
moving stage for a substrate and a machine vision system with microscopes. Both the 
substrate and mask contain alignment features. The location of a substrate is precisely 
controlled by the moving stage, and it is moved relative to the optical mask until the 
mismatch between the alignment features in the two layers is minimized. The precision 
of the alignment is typically about one micrometer and it depends on the capability of 
the alignment system (Madou, 2002).  
2.4.2 Definition of Passive Alignment 
Based on the definition of active alignment, passive alignment can be defined 
such that two or more components are located relative to each other by using 
mechanical structures without monitoring and feedback of the mismatch between the 
alignment features or the components (Bäcklund, 1997; Gerlach, et al., 2001). Accurate 
passive alignment requires well-defined, precise, geometric design of mechanical 
structures (Bäcklund, 1997; Slocum and Weber, 2003). Alignment accuracy depends 
primarily on the geometric accuracy of the structures and the combination of the 
structures including the number of the joints and types. Passive alignment uses 
mechanical structures such as v-grooves and rectangular pits to constrain the location of 
the aligned components. It is necessary to design appropriate microfabrication processes 
and the combination of kinematic joints for passive alignment before fabrication.  
Passive alignment has various benefits compared to active alignment (Bäcklund, 
1997; Slocum and Weber, 2003). First, it can reduce assembly time and simplify 
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assembly processes by avoiding time-consuming active alignment processes. Second, it 
can enhance the modularity of microcomponents and microdevices so that the flexibility 
of microsystems can increase. Third, it is not necessary to employ hardware and 
software for alignment such as machine vision systems. These reasons significantly 
reduce the cost of assembly. 
Passive alignment technology can be applicable to the fields of the system 
integration of microcomponents, interconnection of microfluidic devices, assembly of 
hybrid microsystems, and parallel assembly of microdevices. The passive alignment 
technique can contribute to cost-effective mass production of microsystems.  
2.4.3 Prior Work 
Passive alignment has been widely used to couple optical microcomponents. V-
grooves or rectangular pits are typical passive microstructues for the alignment of 
optical components (Rogner, et al., 1991; Fahrenberg, et al., 1995; Bäcklund, 1997; 
Strandman and Bäcklund, 1998; Bostock, et al., 1998; Gerlach, et al., 2001; Wallrabe, et 
al., 2002; Kim, et al., 2004; Liu, et al., 2004). Most passive alignment structures have 
been fabricated using silicon micromachining since silicon etching, both isotropic and 
anisotropic, can provide accurate well- defined geometries and silicon also has excellent 
mechanical and electronic properties for the application of optical microcomponents 
(Deimel, 1991).  
Strandman and Bäcklund reported passive and fixed alignment on a silicon 
motherboard for the coupling of optical links and building hybrid microsystems 
(Bäcklund, 1997; Strandman and Bäcklund, 1998). The uniqueness of this work was 
fabrication of not only v-grooves for holding optical fibers, but also the flexible holding 
springs for positioning and supporting the optical fibers. The holding springs were 
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fabricated by using the photovoltaic electrochemical etch-stop technique (PHET). 
Bostock, et al., showed silicon nitride microclips holding optical fibers located 
in v-grooves. Microstructures were fabricated by an anisotropic KOH etch process and 
deep reactive ion etching (DRIE) (Bostock, et al., 1998). They characterized the 
mechanical properties of the silicon nitride clips including the Young’s modulus and the 
ultimate stress. Optical performance of the coupled fibers was tested according to 
environmental conditions including thermal cycles from 230 K to 330K. The optical 
coupling had an efficiency of 98%, corresponding to a 0.7 µm mismatch.  
Slocum and Weber developed a passive mechanical alignment technique for a 
stack of silicon wafers (Slocum and Weber, 2003). They employed the principle of 
elastic averaging, assuming that the contact elements were relatively flexible. The 
alignment structures including convex pyramids and concave grooves were 
microfabricated using anisotropic wet etching and DRIE of the silicon. Each of two 
stacked wafers had alignment marks. For testing passive alignment of the stacked 
wafers, misalignment between the top and bottom wafer alignment marks was measured 
using a wafer alignment inspection system. Submicrometer repeatability and accuracy 
on the order of one micrometer in stacking two silicon wafers were achieved. This 
alignment technique has significant potential in microassembly since it is applicable to 
stacking multiple wafers to achieve parallel assembly for mass production of 
microdevices without additional optical alignment processes. 
The LIGA process is suitable for fabricating passive alignment structures since it 
can be used to achieve excellent geometric accuracy of the structures and fabricate 
alignment structures using both polymers or metal. Rogner, et al., fabricated a flexible 
nickel microspring using the LIGA process for coupling an optical fiber and chip 
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(Rogner et al., 1991). Gerlach, et al., presented passive alignment using LIGA PMMA 
structures for an optical bench (Gerlach et al., 2001). They aligned micro optical 
modules including microlenses, photodiodes, glass fibers, and prisms with reference 
positions of the passive alignment structures. Each module was assembled by computer-
controlled mounting devices. The misalignment between the glass fibers and 
photodiodes was estimated by superposition of intensity distributions of signal laser 
light and reference oscillator light. The misalignment was less than one micrometer. 
Other researchers have developed alignment techniques for polymer 
microdevices. Polymers have a wide range of material properties for the application of 
biology and biomedical engineering. Both hot embossing and injection molding have 
been demonstrated for mass production. Fahrenberg, et al., assembled a microvalve 
system consisting of a polyimide membrane, actuator, and flow element (Fahrenberg et 
al., 1995). The polymeric alignment pins vertically aligned components molded by hot 
embossing. Brass mold inserts with three pin-in-hole alignment features were 
micromilled by a micro end mill having a diameter of three hundred micrometers. This 
microvalve system was part of a positioning system for catheter tips (Ruzzu, et al., 
1998). Wallrabe, et al., developed a polymeric multi-fiber connector with rippled 
alignment structures by using micro injection molding (Wallrabe, et al., 2002). The gap 
between the rippled structures had a variation of seventeen micrometers. This achieved 
easy assembly and passive alignment of optical fibers. The hermaphroditic connector, 
consisting of two connector ferrules and a coupling adapter, minimized ferrule damage 
from repeated reconnections. 
Kim, et al., developed a passive alignment technique between polymer planar 
lightwave circuit (PLC) devices and a v-grooved silicon optical bench for the 
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interconnection of fibers and optical waveguides (Kim, et al., 2004). The silicon mold 
of the PLC with micro-pyramidal pits and shims for hot embossing was fabricated by a 
combination of KOH wet etching and DRIE. The optical bench with multi-v-grooved 
channels was wet-etched by KOH. The misalignment between waveguides and optical 
fibers was estimated to be less than 1 micrometer through analysis of coupling loss. 
Liu, et al., proposed a passive, fixed alignment for the location of optical fibers 
using SU-8 photoresist (Liu, et al., 2004). They fabricated a rectangular v-groove for 
positioning an optical fiber and a leaf spring with a flexure hinge for clamping the fiber. 
They showed that a simple positioning structure with a rectangular v-groove and a leaf 
spring without additional cover or the use of an adhesive to assemble optical fibers. 
2.4.4 Need for Polymer Passive Alignment Structures 
In assembly of optical and fluidic microsystems, each component or device is 
required to be precisely aligned for the mechanical, optical, and electrical coupling and 
fixed in the desired mounting location (González, et al., 1998). Microfludic systems 
require robust, manufacturable interconnection of different functional devices so that 
small volumes of analyte can be passed between devices without reducing the reliability 
or sensitivity of the analysis (González, 1998; Gray, 1999). Geometric misalignment 
can have adverse effects in both pressure and electrokinetically driven flows, so that it 
can be a significant challenge in analytical applications such as diagnosis or detection of 
diseases.  
Rani et al. molded the flow behavior at the junction of two microchannels using 
numerical simulations (Rani, et al., 2006). To prevent significant change of flow rate 
and species dispersion, mismatch of the flow area at the interconnect had to be less than 
13%. A higher mismatch induced adverse effects at the mismatch plane. 
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For connecting modular, polymer microfluidic devices, precise, passive 
alignment can prevent infinitesimal motions between the devices and minimize 
misalignment of the devices without additional active alignment. 
2.5 Micro Injection Molding 
2.5.1Theoretical Models for Flow Behavior of the Polymer Melt 
In injection molding, the flow behavior of the polymer melt for the filling of a 
cavity can be characterized as non-Newtonian, non-isothermal, incompressible flow. 
Three coupled conservation laws, for mass, momentum, and energy, provide the 
governing equations [Equation 2.9-2.11] for the flow analysis (White, 1986; Agassant, 
et al., 1991; Shen, et al., 2002). Generally, these can be solved by applying a 
thermodynamic state relation and boundary conditions. 
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Where,  , pC , k ,  , and   are the density, specific heat, thermal conductivity, 
viscosity, and shear rate of the polymer, respectively. Process variables p , T , and V  
are the pressure, temperature, and velocity of the flow. The viscosity of non-Newtonian 
flow is defined using a Cross-WLF model [Equations 2.12-14] (Isayev, 1987). 
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Where, n  is index of power-law, *  is stress in transient area between Newtonian flow 
and power-law,  p,T0  is the zero shear rate viscosity while the shear rate of the 
polymer is zero, pDD)p(T
*
32  , pDA
~
)p(A 322  . Therefore, the viscosity 
coefficient is defined by seven constants n , * , 1D , 2D , 3D , 1A , and 2A
~
. For 
Polycarbonate (PC), Bayer
®  
CD2005 (Bayer Material Science, Leverkusen, Germany), 
values of n , * , 
1D , 2D , 3D , 1A , and 2A
~
 are 0.1, 5.17 × 105 Pa, 1.61 × 1010 Pa·
s, 417.15 K, 0, 25.163, and 51.6 K (Moldflow Plastics Insight
®
 5.1 database).  
Boundary conditions, for solving Equations 2.9 ~ 2.11, are: 
(1) The pressure is zero at the flow front ( 0P ), 
(2) The normal pressure gradient is zero at any impermeable boundary ( 0

dx
p
), 
(3) The melt temperature at the point(s) injection is known ( meltTT  ), 
(4) The melt temperature at the mold walls is known ( wTT  ), 
(5) No slip condition at the walls ( 0 zyx VVV ), 
the pressure, P , the flow rate, Q , and melt temperature, meltT , is known at the 
injection point of the melt.  
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2.5.2 Thermoplastic Materials 
About 90% of materials used for injection molding are thermoplastics (Rosato et 
al., 2000). Thermoplastics have linear or branched polymer chains which have two 
types of bonds (Beaumont et al., 2002). One type is covalent bonds, which hold 
individual polymer chains together. These are very strong bonds and called primary 
bonds. The others are electrostatic bonds that hold separate polymer chains together and 
are called secondary bonds. The strength of the secondary bonds is typically less than 5% 
of that of the primary bonds (Rosato et al., 2000). Thermoplastic materials are typically 
solid state at room temperature but secondary bonds become weak as they are heated so 
that they can flow under high pressure.  
Thermoplastics can be classified as amorphous or semicrystalline according to 
the structure of the polymer. Some characteristics of the amorphous materials include 
the random arrangement of polymer chains, lower chemical resistance, and density that 
is not affected by the cooling rate (Beaumont et al., 2002).  
At a unique temperature, thermoplastic materials shift from a brittle or glassy 
state to a viscous or rubbery state. The reverse is also true. This is the glass transition 
temperature (Tg) of thermoplastics (Beaumont et al., 2002). The materials show glass-
like behavior below Tg and rubber-like behavior above Tg (Ehrenstein, 2001). Tg is a 
characteristic temperature of the molding process since dimensional stability and 
residual, thermal stress of a molded part depend on Tg. In demolding, a molded part can 
be deformed or destroyed by demolding forces.  
Demolding requires sufficient rigidity, so that the demolding temperature should 
be below Tg to have the part retain dimensional stability. Thermal stress between a mold 
master and a molded part is developed as a result of the difference in the coefficients of 
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thermal expansion (CTE) during cooling. The thermal stress can distort or destroy 
microstructures but during cooling while above Tg, the thermal stress can be to be 
assumed negligible since thermal energy weakens the secondary bonds of polymer so 
that a molded part shows rubber-like behavior (Ree et al., 1998; Wang et al., 2000; 
Ehrenstein, 2001). 
2.5.3 Process Simulation and Experiments 
Injection molding can achieve short cycle times, good replication quality, and 
feasibility for process automation so that it is the preferred process for the cost-effective 
mass production of polymer products on both the macro and micro scales (Becker and 
Gärtner, 2001; Heckele and Schomburg, 2004). For successful replication of features, it 
is necessary to properly choose process parameters by understanding the flow behavior 
of a polymer melt.  
Simulation using numerical models can help understand the effect of the process 
and material parameters on replication quality. However, it is difficult for numerical 
models to exactly predict the effects since assumptions are made to simplify the 
calculations, so there is variation between numerical models and real injection molding 
phenomena. Both numerical and experimental analysis has been used for the design of 
micro or conventional injection molding processes (Kim, et al., 1999; Yu, et al., 2002; 
Kim, 2003; Su, et al., 2004) 
Despa, et al., showed that a proper combinations of mold temperature and 
injection flow rate enabled manufacture of high aspect ratio microstructures (HARMs) 
with aspect ratios up to 8.3 and lateral dimensions of 90 micrometers (Despa et al., 
1999). The material for injection molding was high density polyethylene (HDPE) with a 
melting temperature of 132.5˚C. In the experiments at high mold temperatures (140˚C), 
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the complete filling of the mold cavity was achieved over the entire range of flow rates 
(from 10 cm
3
/s to 80 cm
3
/s). The mold temperature was a dominant parameter for 
complete filling of the mold cavities, but high injection speed also decreased premature 
solidification of polymer melt. A simple numerical model was developed to predict the 
premature solidification of polymer melt by calculating the pressure drop of the melt. 
This study suggested that mold temperature and injection speed significantly affected 
the replication quality and recommended a vacuum system for preventing trapped air in 
molded parts. 
Yu, et al. studied the effect of injection velocity on the residual stress 
distribution in a molded part, made of optical quality polycarbonate (OQPC) with a Tg 
of 135˚C, by measuring birefringence. Two flow patterns including radial and 
unidirectional flow were evaluated with PMMA through simulation using C-Mold (ver. 
2000, Moldflow, Framingham, MA) and experiments (Yu, et al., 2002). Gates were 
placed at the center and end of the mold blocks. In the residual stress analysis of radial 
flow, high injection speed, a screw speed 25.4 cm/s which was equivalent to a flow rate 
of 161 cm
3
/s, and a holding pressure of 2.1MPa, reduced residual stress so that molded 
parts with OQPC became more uniform. Simulations and experiments with radial flow 
patterns showed discrepancies such as opposite curvatures of the flow front profile at 
the end of filling. In the analysis of unidirectional flow, simulation and experimental 
results showed that fast filling of micro channels was necessary to prevent premature 
solidification of the melt. Increasing mold temperature and injection velocity reduced 
heat loss of the melt during filling. In the comparison of simulation and experiments, 
the effect of melt temperature (204˚C and 227˚C) on filling depth was overestimated by 
simulation. In the experiments, it was observed that there was no significant variation 
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over the tested range of melt temperature. This suggested that mold temperature, 
injection speed, and the opening width of microchannels were important parameters for 
complete filling of the microchannels. Of all of the parameters, the mold temperature 
was more significant for complete filling of the channels. 
Su, et al. molded polycarbonate (PC) into square micro cavities with openings of 
100 and 300 micrometers and aspect ratios of 0.707 (Su et al., 2004). The mold insert 
was fabricated using anisotropic silicon etching with TMAH (tetramethyl-ammonium 
hydroxide). For the design of process parameters, a CAE model with 4607 one-
dimensional elements and 2672 two-dimensional elements was constructed using C-
Mold ver. 4.0 (Moldflow, Framingham, MA). Simulation and experiments were 
performed to evaluate the filling depth of the cavities according to the process 
parameters. 
 The simulation models were based on the generalized Hele-Shaw (GHS) flow 
model using 2-dimensional elements (Su et al., 2004), so that the models generated 
discrepancies in the predictions of the flow front and the filling depth in the 
microchannels. Experiments were performed to fill the micro cavities at mold 
temperatures of 25˚C and 100˚C. Five microcavities were placed along the radial 
direction of a mold insert. It was shown that the filling depth of the melt was less than 
20% - 40% of that of predicted by the simulation results. This discrepancy resulted from 
temperature variation along the radial direction of the mold insert in the real mold; the 
simulation assumed a uniform temperature distribution over the mold cavity. A mold 
temperature higher than the glass transition temperature (145˚C) of the polymer was 
necessary for good filling of the cavities and use of a vacuum system was preferred to 
prevent air trapped in the molded parts. 
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Simulations have been widely used in conventional injection molding (Hétu et 
al., 1998; Pichelin and Coupez, 1998; Kim, et al., 1999). In micro injection molding, 
simulation is also useful but it has different, physical aspects compared to conventional 
injection molding, so that the filling depth of microcavities can be overestimated (Su et 
al., 2004). The most distinctive aspect is that microstructures have a high ratio of 
surface area to volume. This leads to faster heat loss from the polymer melt in micro 
mold cavities so that the melt is rapidly frozen inside the cavities. Frozen layers result in 
incomplete filling of the cavities. These phenomena were well-explained by Kim’s 
studies (Kim, 2003).  
For the complete filling of the cavities, mold temperature must be properly set. 
Mold temperature was one of the most important process parameters for better 
replication quality in prior simulations and experimental results (Despa et al., 1999; Yu, 
et al., 2002; Su et al., 2004). This result is in accordance with the results of Liu and 
Manzione for conventional precision injection molding requiring a micron-level 
repeatability (Liu and Manzione, 1996a and 1996b). 
Commercial software, including Moldflow, has been used to predict mold filling 
for different polymer melt process conditions (Piotter et al., 2002; Wallrable et al., 2002; 
Yu, et al., 2002; Yu, 2004; Su et al., 2004). However, the commercial software has been 
developed for simulating conventional injection molding and assumes flow behavior of 
polymer melt as 2 or 2.5 dimensional behavior. Under this assumption, the velocity and 
pressure of the melt are not considered to simplify the model of the mold filling process 
(Su et al., 2004). Therefore, the discrepancies between simulations and experimental 
results on the micro-scale are inevitable. 
ABAQUS
®
 was used for the analysis of the stress distribution of a molded part 
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in demolding (Huber and Tsakmakis, 1995) and the temperature distribution during 
heating of a mold insert (Piotter, et al., 2002). Yu simulated the stress distribution and 
deformation of microstructures of a mold insert by using DEFORM
®
 (Yu, 2004). 
Mechanical and thermal stresses between a mold insert and a molded microstructure 
during molding can damage the molded microstructures. 
Numerical models based on analytical modeling have been developed to 
overcome the drawbacks of commercial software (Yao and Kim, 2002; Yu, 2004; Chien 
et al., 2005; Young, 2005). They have tried to predict flow behavior of the polymer melt 
in micro cavities by using three-dimensional modeling. These models also incorporated 
assumptions to simplify the solution and cannot cover all of the physical phenomena of 
injection molding, so that the models cannot predict the exact flow behavior of the melt. 
Experimental analysis in prior work has been used to assess the validity of 
simulation results and provide an understanding of the complex characteristics of 
injection molding beyond the limitations of simulation. Simulation is useful for the 
qualitative predictions but experimental results are necessary for quantitative and 
qualitative understanding (Piotter, et al., 2002; Beaumont et al., 2002). 
2.5.4 Shrinkage and Warpage 
Dimensional and location integrity of a molded microstructure significantly 
depend on the extent of shrinkage and warpage during the injection molding process. 
Generally, shrinkage is dependent on volumetric contraction, orientation of the polymer, 
and the cooling rate of a molded part. Various factors including process parameters, the 
geometry of the molded part, and the location of the gate affect the magnitude and 
direction of shrinkage. Shrinkage can be classified as volumetric linear shrinkage (Kim, 
et al., 1999; Beaumont et al., 2002; Beaumont, 2004). 
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Volumetric shrinkage is attributed to thermal contraction and crystallization of 
the polymer. As external energy is applied to amorphous polymers, it weakens atomic 
and molecular bonds of the amorphous polymers so that the specific volume increases 
with temperature. As they are cooled down, amorphous polymers undergo contraction. 
During molding, high pressure and heat are applied to inject the melt into a cavity for 
replication. The specific volume of amorphous polymers varies according to the applied 
pressure and heat during molding. These phenomena can be explained by pressure, 
specific volume, and temperature (PVT) diagrams for polymers (Beaumont, 2002; 
Beaumont, 2004). Figure 2.2 shows a PVT diagram for Bayer
®  
CD2005 (Bayer Material 
Science, Leverkusen, Germany), polycarbonate. At room temperature (about 25˚C), 
there is a specific volume variation of about 3.5% between 0 MPa and 200 MPa. If the 
melt cools from 330˚C to room temperature at 0 MPa, the specific volume reduces by 
 
 
 
 
 
Figure 2.2 PVT diagram of polycarbonate (CD2005, Bayer Material Science, 
Leverkusen, Germany) (Moldflow Plastic Insight
®
 5.1 database). 
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about 11%. From these diagrams, it is known that the temperature and pressure histories 
affect the volumetric shrinkage of amorphous polymers. 
Semicrystalline polymers such as high density polyethylene (HDPE) form 
crystals at the crystallization temperature of the material during cooling. Crystallization 
rapidly reduces the specific volume of a polymer and the magnitude of crystallization 
depends on the cooling rate (Ehrenstein, 2001; Beaumont et al., 2002). 
Linear shrinkage of a molded part is developed by the effect of flow of the 
polymer melt in injection molding. Flow direction and the velocity of the polymer melt 
orient the polymer and any fillers that are usually added to reinforce polymers. In 
injection molding using a center-gated disk, the polymer melt is injected under high 
pressure from the center of the disk to the edge of the disk in the cavity. The polymer 
melt flows in the radial direction of the disk. The polymer melt also spreads in the 
transverse direction which is perpendicular to the radial direction. It is extensional flow, 
which orients the polymer in the transverse direction. Radial and extensional flow of the 
polymer melt extends the polymer chains along the flow direction so that during cooling, 
the polymer chains contract more along this direction. 
Uneven shrinkage between any points or areas through a molded part is 
differential shrinkage. Differential shrinkage has a close relation to process parameters 
and the geometry of a molded part. The difference in cooling rate between the bottom 
and top surfaces results in differential shrinkage through the thickness. Uneven packing 
pressure or mold temperature results in variation of shrinkage from region to region. 
Orientation of the polymer chains yields differential shrinkage. Differential shrinkage 
generates uneven stresses and these stresses distort or deform dimensions and feature 
locations (Beaumont, 2004; Rosato, 2000). This is a mechanism for generating warpage. 
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2.6 Assembly Tolerance Analysis 
2.6.1 Dimensions and Locations of Injection Molded Parts 
Tolerance can be defined as the amount of variation of a part or assembly which 
is permissible (Whitney, 2004). It can be attributed to inconsistency of the material 
properties, process machinery, operating skill, or physical environment including 
temperature and humidity (Rosato, et al, 2000). Variation is accumulated throughout the 
manufacturing process.  
In micro injection molding, it is necessary to assess the difference between 
design features and actual features because the manufacturing process chain, consisting 
of mold insert fabrication and molding, can generate variation in feature dimensions and 
locations. The molding process can be considered the most significant contributor to 
variation since during molding the polymer expands and shrinks according to the 
change of the process temperature from room temperature to the polymer melting 
temperature and back. Shrinkage of a molded part is the principal contributor to the 
tolerance and process parameters, including mold and melt temperature, injection speed, 
and packing pressure, significantly affect the amount of shinkage (Beiter and Ishii, 1997; 
Kazmer, et al., 2003). 
The dimensions and locations of molded features must be characterized to assess 
location integrity and dimensional integrity. The characterization quantifies the 
difference between the as-designed features and actual features so that the critical 
features of the parts can be re-designed considering this difference. 
2.6.2 Approaches to Assembly Tolerance Analysis 
Assembly is the delivery of key characteristics through assembly features and 
defined geometric relationships between parts working together as a system, including 
 37 
mechanisms or structures (Whitney et al., 1999). Dimensional and location variation of 
molded parts is transferred to the assembled systems. These variations can bring 
undesired effects in the assembly and reduce the performance and accuracy of a final 
product. To predict these effects, tolerance analysis of the assembly must be performed 
as a function of the dimensional and location variations. All of the dimensions and 
locations of critical assembly features may be designed to maximize the accuracy of an 
assembly. To evaluate the accumulation of variation of parts to the variation of the 
assembly, various approaches to assembly tolerance have been used (Chase and 
Parkinson, 1991; Whitney et al., 1994; Gerth, 1997). 
Three traditional approaches have been adopted to analyze tolerance 
accumulation in mechanical assemblies. These are the worst-case, statistical, and Monte 
Carlo simulation methods (Early and Thompson, 1989; Chase and Parkinson, 1991; 
Whitney et al., 1994; Gerth, 1997; Trabelsi and Delchambre, 2000; Barraja and Vallance, 
2005). Each approach has assumptions to define component variations and estimate 
assembly tolerance, respectively. The assumptions introduce limitations and advantages 
for the tolerance analysis of the assembly. Assembly tolerance can be predicted from 
component tolerances and compared to the specifications for an assembly, or 
component tolerances can be allocated to components from the performance 
requirements of an assembly. 
Worst-case methods (Fortini, 1967) have been used to identify the upper or 
lower limits of assembly variations. All components are assumed to have extremes in 
their variation zones simultaneously when they are assembled. The sum of the 
component variations is equal to the assembly variation as shown in Equation 2.15 
(Balling, et al., 1986; Greenwood and Chase, 1988; Spence and Soin, 1997) 
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𝑇𝑜𝑙𝑎𝑠𝑠𝑒𝑚𝑏𝑙𝑦 =   
𝜕𝑔
𝜕𝑥1
 𝑡𝑜𝑙1 +   
𝜕𝑔
𝜕𝑥2
 𝑡𝑜𝑙2  + ∙ ∙ ∙ ∙ ∙  +  
𝜕𝑔
𝜕𝑥𝑛
 𝑡𝑜𝑙𝑛  (2.15) 
 
where 𝑇𝑜𝑙𝑎𝑠𝑠𝑒𝑚𝑏𝑙𝑦  is assembly tolerance,  
𝜕𝑔
𝜕𝑥𝑛
  is the sensitivity of assembly tolerance 
to component tolerances, and 𝑡𝑜𝑙𝑛  is component tolerances. This model considers the 
extremes as component variations, so that these variations directly propagate through 
the assembly function to the assembly variation. This implies that excessively tight 
component tolerances are necessary to meet the overall performance requirements of the 
assembly and can lead to a significant increase in production costs. Worst-case methods 
are the most conservative approach to tolerance analysis because the extremes of the 
variations may seldom arise in practice. It is not preferred for tolerance analysis in the 
assembly of a large numbers of components or mass production. 
Statistical methods based on the probability of component variation are a more 
realistic approach to tolerance analysis than the worst-case approach (Evans, 1975a, b, c; 
Spotts, 1978). The extremes in the variations of components are assumed to occur very 
rarely in the assembly of two or more parts. Even though one or more components have 
the extremes, other component variations rarely reach the extremes. Root sum square 
(RSS), modified RSS (MRSS), and estimated mean shift models are typical approaches 
to statistical tolerance analysis. 
The RSS model assumes that component variation has a normal or Gaussian 
distribution (Spotts, 1978; Early and Thompson, 1989). The variation can be defined by 
a standard deviation (σ) about a mean or nominal value. If three sigma (±3σ) was 
applied to the variation, this corresponds to 99.73% of components being within their 
variation limits. Assembly tolerance is estimated by the root sum square of the 
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component variations as shown in Equation 2.16 (Drake, 1999; Whitney, 2004). 
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 (2.16) 
 
The RSS model has a wider range of assembly tolerance, compared to worst-case 
methods. However, there are a large number of assembly rejects when the component 
variation is not normally distributed either by a mean shift or bias.  
Mean shift and bias in the distribution of component variation leads to a large 
number of rejects in assembly resulting in significant increases in production costs 
(Mansoor, 1963; Spotts, 1983). To consider the mean shift and bias, a modified root 
sum squares (MRSS) model has been used for more reliable estimates of the assembly 
tolerance (Evans, 1975c). The MRSS model adopts a correction factor multiplying to 
the RSS model as shown in Equation 2.17 (Chase and Parkinson, 1991) 
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2
 (2.17) 
 
Where 𝐶𝑓  is a correction factor.  
The factor is used to consider the deviation of component variation from normal 
distribution as a safety factor. It generally ranges from 1.4 to 1.8 and preferred 
correction factor is 1.5 (Evans, 1975; Drake, 1999). Proper choice of the factor 
interpreting the real distribution of component tolerances is necessary for accurate 
tolerance analysis. Assembly tolerance estimated by MRSS falls between the worst-case 
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and RSS, so that it can avoid the tight tolerance and a large number of rejects in the 
tolerance analysis. One of the limitations of MRSS is a dependence on the number of 
components in the tolerance analysis. For example, the estimated assembly tolerance in 
the assembly of two components is always greater than the worst-case (Greenwood and 
Chase, 1987). The other is the effect of a dominant variation on the assembly variation: 
When one of the component variations is much greater than the others, the assembly 
variation is dominated by that part. This also results in the assembly variations larger 
than in the worst-case methods. 
To overcome these difficulties, several assembly tolerance models have been 
suggested. These models tried to reliably account for mean shift and bias of the 
component variation in real assembly processes. The models combined worst-case with 
RSS. Mansoor suggested a model summing worst-case and RSS to represent an 
assembly tolerance (Mansoor, 1963). Spotts proposed an assembly tolerance as an 
average of worst-case and RSS in the calculation of component tolerances from 
specified assembly tolerance (Spotts, 1978).    
An estimated mean shift model was developed by Greenwood and Chase for the 
consideration of mean shift or bias in the distribution of variation realistically 
(Greenwood and Chase, 1987). The model unified both the worst-case and RSS for 
tolerance analysis. It adopts a mean shift factor to weight worst-case or RSS. It is shown 
in Equation 2.18 
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Where 𝑓𝑖  is the mean shift factor for the ith component. 
In this equation, the mean shift factor, 𝑓𝑖 , can be any number between 0 and 1. The first 
summation represents mean shift of all component variations by multiplying the factor 
to worst-case. The second summation explains the variability of the distribution by 
combining the mean shift factor and RSS. Greenwood and Chase examined the validity 
of this model by demonstrating an example of the assembly tolerance consisting of 
different assembly quality levels and different mean shifts of individual components. 
Therefore, the model can give an answer to the limitations of MRSS in the assembly of 
low numbers of components or a dominant component. 
Monte Carlo simulation, an alternative to worst-case and statistical approaches, 
has been widely used to imitate the component and assembly variations in mass 
production (Corlew and Oakland, 1976; Grossman, 1976; Early and Thompson, 1989; 
Robert and Casella, 2004; Wilson, 2005). It has advantages in analyzing assembly 
tolerances when the variations of components have non-Gaussian distributions, 
assemblies have a large numbers of component variations, and component variations 
affect assembly tolerances nonlinearly through an assembly function (Corlew and 
Oakland, 1976; Early and Thompson, 1989).  
The simulation adopts random number sampling to create the distribution of 
component variations. The distributions can be statistically represented by adding the 
simulated component variations and the means or nominal dimensions of parts. The 
distributions are combined with assembly functions, describing critical assembly 
variations in terms of component variations, to simulate the assembly tolerance. To 
imitate mass production, the simulation is repeated until it obtains a sufficient number 
of simulated assemblies. The number of assemblies evaluated typically ranges from 
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1000 to 5000 (Cvetko et al., 1998). The simulations yield the statistical distributions of 
critical variations of assembly as a histogram including the mean, standard deviation, 
and upper and lower design limits.  
Monte Carlo simulation needs a large number of simulated assemblies to 
achieve reasonable accuracy in the estimated distributions. If any simulation parameters 
are changed or adjusted, the entire set of simulations should be repeated. This is a time-
consuming process and the computational load rapidly increases with the number of 
simulated assemblies. 
2.6.3 Tolerance Analysis for Microsystems 
Assembly is one of key technologies for the development of advanced 
microsystems. It can be used to integrate different functional microdevices into a 
complete microsystem bypassing material limitations and process incompatibilities. 
Microfluidics and microoptics are typical fields for which the assembly of devices or 
components enhances their usefulness. 
Dimensional and location variations of microdevices are critical to the assembly 
accuracy because they may be accumulated in the assembled system. This can reduce 
the accuracy of the assemblies and induce variation of the assembly. It is necessary to 
analyze assembly tolerances as a function of the variations of the assembly feature to 
ensure that performance requirements for the assembly are met.  
In microsystems, tolerance analysis has been adopted in the design of optical 
couplings (Ando, 1991; Zaleta, et al., 1995; Wnag et al., 1997; Breedis, 2001; Wilson, 
2005; Henneken and Tichem, 2006). Laser sources and optical fibers or other optical 
components are typically assembled using passive alignment. Microfabricated v-
grooves, rectangular pits, holes and, and pins are common structures for the alignment. 
 43 
The dimensional and location variation of the passive alignment structures induce 
variation of the assembly. This can reduce the optical efficiency or throughput from a 
light source to a receiver, so that the assembly variation of the components significantly 
affects the performance of the optical couplings. Monte Carlo simulation (Wilson, 2005), 
an alternative to the commonly used worst-case (Fortini, 1967) and statistical assembly 
(Spotts, 1978) approaches, are preferred for the assembly tolerance analysis of optical 
couplings. Prior studies used assembly tolerance analysis as a design or analysis tool to 
achieve accurate optical interconnections of microsystems. 
Other applications of tolerance analysis to microsystems have been for a micro 
scale robotic assembly and a deformation-type micro stage. Lee, et al., (Lee, et al. 2004) 
analyzed the location variations of tethered microparts released from the substrate after 
fabrication. The locations of the microparts were represented as multivariate Gaussian 
distributions for robotic assembly. However, this work did not complete the tolerance 
analysis for all assembly steps from a micro part to the gripper of the robot because the 
variation of the positional stage with the gripper was not integrated into the tolerance 
analysis. Tolerance analysis was also conducted for a deformation-type micro stage 
requiring high accuracy and repeatability in motion (Tsai, et al., 2007). The performance 
variations in the stiffness and natural frequency were evaluated as a function of 
dimensional variations, including the widths of a spring and the hinge of the micro stage.  
Even though the importance of tolerance analysis of assemblies to meet the 
performance requirements of the assembly of the microdevices or microcomponents is 
known, its use has not yet expanded into all fields of microsystems. For the realization 
of cost-effective mass production of microsystems, it is one of the significant issues to 
be addressed.  
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2.7 Conclusions 
Modularization and assembly of polymer microfluidic devices has great 
potential for the miniaturization of diagnostic devices enabling biochemical analysis. 
Polymer microfabrication provides an opportunity to take advantage of various material 
properties of polymers and flexibilities in manufacturing methods. Injection molding is 
one of the promising methods for the modules at low cost. In the assembly of the 
modules, the kinematic design of assembly features had to be emphasized to avoid 
underconstraint and overconstraint of the assembly. An assembly tolerance model is 
necessary to predict variations in the assembled system. It can be used to analyze 
assembly tolerance as a function of the variations of the modules to ensure that the 
performance requirements for the assembly are met. 
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CHAPTER 3. DESIGN OF ASSEMBLY FEATURES FOR MATING 
TWO MODULAR DEVICES 
 
3.1 Introduction 
Twists and wrenches can be used to model assembly features as kinematic joints. 
Screw theory, which defines relationships between the wrenches constraining a body 
and the resulting twists, was introduced by Ball and expanded by Ohwovoriole and 
Roth (Ball, 1900; Ohwovoriole and Roth, 1981). Once modeled, it is used to analyze the 
state of constraint of a rigid body such that it is either under-constrained, exactly 
constrained, or over-constrained. The motion and constraint of a combination of three v-
groove and hemisphere-tipped post joints were analyzed for the design of assembly 
features using screw theory. The objective of the kinematic design was to show that two 
modular devices must be exactly constrained to prevent infinitesimal motion and avoid 
over-constraint in assembly. 
3.2 Conventional Assembly of Microfluidic Devices 
Assembly of microfluidic systems requires fluidic interconnects to introduce and 
transport samples and reagents between modules or the modules and the environment. A 
typical interconnection method is to insert capillary tubes and stack the multilayer 
microfluidic devices using the tubes as alignment structures (Yao, et al., 2000; 
Krulevitch, et al., 2002). Figure 3.1 shows a schematic of a fluidic interconnect with a 
polyetheretherketone (PEEK) tube and an o-ring (Krulevitch, et al., 2002). The tube was 
inserted through a hollow screw; while the compressed o-ring provided sealing. The 
tube served not only as the fluid interconnect, a functional feature, but also as an 
assembly feature since it is essential to the assembly of the modules.  
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The interconnect shown in Figure 3.1 can be represented as a pin-in-hole joint. If 
there are two interconnects between microfluidic devices, this can be considered as a 
two part assembly consisting of two flat plates joined by two assembly features, the two 
pin-in-hole joints, as shown in Figure 3.2. The assembly features constrain all of the 
relative motions between the mating plates. However, the two assembly features are 
competing to control motion along a constraint line (the dashed line in Figure 3.2), so 
the two mating plates are over-constrained. Overconstraint can result in a need for tight 
tolerances and special assembly techniques in assembly, so that it is generally avoided 
 
 
Figure 3.1 A fluidic interconnection method (Krulevitch, et al., 2002). 
 
 
 
 
 
Figure 3.2 Two pin-in-hole pairs assembly. 
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(Blanding, 1999). It also requires application of external forces, which produce varying 
residual stresses. 
Another method for interconnection is to stack the microfluidic devices using a 
series of pins and holes as alignment structures (Han, et al., 2005; Kim, et al., 2006). 
Figure 3.3 shows a schematic of a stack of microfluidic devices having microchannels 
and inlet/outlet ports (Han, et al., 2005). Two alignment pins, with diameters of 1100 
µm and heights of 2000 µm, were fabricated on the lower device and two holes, with 
 
 
 
Figure 3.3 A stack of microfluidic devices using pin-in-hole joints (Han, et al., 
2005). 
 
 
Figure 3.4 Two pin and oversized holes assembly. 
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diameters of 1125 µm, were made to receive the two pins on the upper component. The 
holes were oversized for easy assembly. The two pin-in-hole joints were used as 
assembly features for alignment of the devices. The assembly of the microfluidic 
devices in Figure 3.3 can be modeled as a two part assembly consisting of two flat 
plates joined by two pin-in-oversized-hole joints as shown in Figure 3.4. There are three 
allowed motions, including translation along the X and Y directions and the rotation 
about the mating axis between the two plates due to the oversized holes. The mating 
plates are under-constrained relative to each other which can lead to misalignment 
following assembly (Blanding, 1999). The misalignment varies from assembly to 
assembly. 
From these representative examples, one problem with the assembly of 
microfluidic devices to date is the design of assembly features without considering 
motion and constraint analysis. Kinematic design of the assembly features is needed to 
prevent both under-constraint and over-constraint in assembly so that precise, 
inexpensive assembly, enabling reliable microfluidic interconnects, can be achieved. 
3.3 V-Groove and Hemisphere-Tipped Post Joint 
As a demonstration, a kinematic pair consists of a v-groove and hemisphere-
tipped post as shown in Figure 3.5. It provides excellent accuracy and repeatability in 
manual assembly and has been used to align and mount mechanical devices in precision 
applications (Slocum, 1992; Schouten, et al., 1997; Culpepper, et al., 2002). The upper 
plate with the hemisphere-tipped post is not pictured to enable visualization of the joint 
in the figure. The lower plate is considered to be fixed to the ground. The joint has two 
point contacts between the mating plates. The positive Z-axis is in the mating direction 
of the joint. It is assumed that the v-groove and hemisphere-tipped post are in contact at 
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all times and that there is no friction at the contact points. The twist space of this joint is 
the combination of three rotational degrees of freedom, about the X-, Y-, and Z-axes, 
and one translational degree of freedom, along the Y-axis aligned with the groove, with 
respect to the local coordinate frame of the feature. Each degree of freedom can be 
modeled as a twist and written as a row vector in a twistmatrix (Equation 3.1) 
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where ij = rotation and ijv = translation, i =1-4 and j = x , y , and z .  
Twists and wrenches in a screw system may have a reciprocal relationship with 
each other. In a reciprocal screw system, there is no net work done by reciprocal 
wrenches undergoing twists. Physically, reciprocal motions (twists) do not change the 
corresponding wrenches. When a rigid body contacts another rigid body without 
separation or penetration a reciprocal screw system is formed. From the definition of the 
reciprocal relationship, the virtual coefficient ( ijU ) of the screw system of the v-groove 
 
 
Figure 3.5 A v-groove and hemisphere-tipped pin joint. 
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and hemisphere-tipped post is given by Equation 3.2 
 
where f = force and m = moment, i =1-4 and j =1-2. 
If the coefficients are zero: 011 U , 012 U , 021 U , 022 U , 031 U , 
032 U , 041 U , and 042 U , then the twists and wrenches are reciprocal to one 
another. If a twist or wrench is known, the resulting wrench or twist can be calculated 
from the reciprocal relationship. 
The reciprocal wrench space of this kinematic pair represents the forces acting 
along the X and Z directions constraining the X and Z translational degrees of freedom. 
The resulting wrenchmatrix, a matrix form of the wrench, is given in Equation 3.3. 
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From the analysis, a v-groove and hemisphere-tipped post joint with two point 
contacts constrains two relative motions between the mating plates in the X and Z 
directions. The number of kinematic constraints depends on the number of contact 
points (Culpepper, et al, 2002). The rank of the twistmatrix,  Trank , gives the number 
of independent degrees of freedom permitted by an assembly feature and the rank of the 
reciprocal wrenchmatrix,  Wrank , is  Trank6 . From the kinematic model of a v-
groove and hemisphere-tipped pin joint, this joint has four independent degrees of 
freedom and provides kinematic constraint along two axes. 
izjziyjyjxizjziyjyixjxij mmmfffU    (3.2) 
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3.4 Assembly Features Using V-Groove and Hemisphere-Tipped Post Joints: An 
Example 
3.4.1 Twist space 
Figure 3.6 shows a two part assembly consisting of two modular devices joined 
by a set of three v-groove and hemisphere-tipped post joints ( 1AF , 2AF , and 3AF ). 
The upper device with the hemisphere-tipped post joints is not pictured to aid in 
visualization of the joints. The reference coordinate frame is placed on the center of the 
bottom device with the v-grooves. Each v-groove and hemisphere-tipped post joint has 
a local coordinate frame to define the individual assembly features. The positive Z-axes 
of the reference and local coordinate frames are in the mating direction of the joint. To 
describe the motion and constraint of the assembly, each of the assembly features 
defined with respect to its local coordinate frame, must be transformed to the reference 
coordinate frame.  
 
 
Figure 3.6 Multiple v-groove and hemisphere-tipped post combination 
assembly. 
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The twists of each assembly feature are the combination of three rotational 
degrees of freedom including  T
ix
001 ,  T
iy
010 ,  Tiz 010  and a 
translational degree of freedom,  T
iy
010 , in the local coordinate frames of the 
respective assembly features. The local coordinate frame of each assembly feature is 
translated along the X and Y directions with respect to the reference coordinate frame so 
that translations of the local coordinate frames can be defined as  0yixiTi ppd  . 
The orientations of the local coordinate frames are possible rotations with respect to the 
reference coordinate frame. Three-dimensional transformation of the assembly features 
from the reference coordinates to the local coordinate frames can be defined using a 4×4 
coordinate transformation (McKerrow, 1991) (Equation 3.4). 
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For this example, i  is 1, 2, and 3 for the assembly features, iA  is a 3×3 rotation 
matrix, id  is a 3×1 translation vector, and o  is a 1×3 vector of zeros. The twistmatrix 
of the combined assembly features with respect to the reference coordinate frame is 
shown in Equation 3.5 
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here i  is 1, 2, and 3 for respective assembly features and 
T
ii dr 

. 
Twistmatrices { refT1 , refT2 , and refT3 } of each of the features are shown in 
Equation 3.6. 
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Each row of the twistmatrices represents an independent degree of freedom with respect 
to the reference coordinate frame. 
3.4.2 Wrench Space 
From the reciprocal relationship (Equation 3.2), the wrench space for multiple 
assembly features can be calculated as the reciprocal of the twist space (Equation 3.6). 
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Each of the wrenchmatrices of the features with respect to the reference 
coordinate frame is shown in Equation 3.7. 
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The wrenchmatrices of the individual joints represent the forces and moments 
constraining the degrees of freedom with respective to the reference coordinate. 
3.5 Kinematic Constraint Analysis for Assembly Features 
3.5.1 Resultant Twist 
All of the screws of the combined assembly features are a single screw system. 
If this screw system represents a twist, it is the resultant twist representing the total 
motion permitted by the combination of assembly features. The resultant twist is the 
double reciprocal of the twists of the assembly features, the reciprocal of the union of 
wrenches (Equation 3.7). 
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The resultant twistmatrix of assembly features 1AF , 2AF , and 3AF  is null as shown 
in Equation 3.8. 
 
 RT  (3.8) 
 
If the resultant twistmatrix is null, there is no relative motion between the mating plates. 
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3.5.2 Resultant Wrench 
In constraint analysis, all resultant wrenches having two or more assembly 
features, have to be checked because the resultant wrench is the common screw to all of 
the individual feature wrenches. The different combinations of the subsets can over-
constrain a particular motion that one of the assembly features may not. In Figure 3.6, 
the subsets consisting two assembly features are  ),( 211 AFAFsubset  , 
 ),( 312 AFAFsubset  , and  ),( 323 AFAFsubset  . The resultant wrenchmatrices of 
1subset , 2subset , and 3subset  are double reciprocals of the corresponding 
wrenchmatrices, (
ref
W1 , refW2 ), ( refW1 , refW3 ), and ( refW2 , refW3 ). In this case, all of 
the wrench spaces are null in Equation 3.9. 
 
 
1subset
WR  
 
2subset
WR  
 
3subset
WR  
(3.9) 
 
The total resultant wrenchmatrix of assembly features 1AF , 2AF , and 3AF  is 
also null (Equation 3.10). 
 WR  (3.10) 
 
From the computation, the resultant wrenchmatrices of subsets 1, 2, and 3, are all null 
like the total resultant wrenchmatrix. There are no over-constrained degrees of freedom 
in the assembly, so no assembly features are simultaneously competing to control the 
same degree of freedom. 
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3.5.3 Interpretation of the Resultant Twist and Wrench 
The resultant twistmatrix, which is the Boolean intersection of the individual 
twistmatrices, represents the resultant instantaneous motion permitted by the combined 
assembly features. The first triplet of the resultant twistmatrix is a unit vector of the axis 
about which the assembly features allow the part to rotate. The second triplet represents 
the translational velocity of the origin of the reference coordinate frame. The resultant 
twistmatrix of Figure 3.6 is null, so no motion is allowed between the mating parts and 
no direction of the motion is under-constrained by the assembly features.  
The resultant wrenchmatrix, which is the Boolean intersection of the individual 
wrenchmatrices, represents the over-constrained direction of the motion that assembly 
features simultaneously compete to control. The first triplet of the resultant 
wrenchmatrix represents forces over-constraining translation degrees of freedom and 
the second triplet represents moments over-constraining rotational degrees of freedom 
with respect to the reference coordinate frame. All of the resultant wrenchmatrices for 
different combinations of the assembly features in Figure 3.6 are null, indicating that no 
direction is over-constrained by the assembly features.  
From the motion and constraint analysis, the combination of three v-groove and 
sphere joints in Figure 3.6 constrains any infinitesimal motion between the two mating 
plates without over-constraint. This implies that the two mating plates are not under-
constrained or over-constrained. Therefore, the state of constraint of the assembly is 
exactly-constrained. 
3.6 Conclusions 
Screw theory was applied for the design of assembly features which can connect 
modular, polymer microfluidic devices in microassembly. Through the motion and 
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constraint analysis, the combination of three v-groove and hemisphere-tipped post joints 
constrains all degrees of freedom of the two modular devices. The designed assembly 
features are applicable to prevent infinitesimal motions between modular, polymer 
microfluidic devices so that these can minimize misalignment of the devices. It can 
contribute to precise alignment of modular, polymer microdevices without additional 
active alignment processes in microassembly. It will be used as a representative set of 
constraints, although many other combinations of kinematic pairs are possible. 
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CHAPTER 4. MICRO INJECTION MOLDING 
 
4.1 Introduction 
Injection molding can achieve short cycle times, good replication quality, and 
process automation so that it is one of most promising methods for the cost-effective 
replication of microstructures. Compared to macro injection molding, the high ratio of 
surface area to volume of microstructures can significantly change the flow behavior of 
the polymer melt (Yu et al., 2002; Su, et al., 2004). This leads to faster heat loss from 
the polymer melt in micro mold cavities so that the melt is rapidly frozen. Frozen layers 
result in incomplete filling of the cavities. 
To ensure the successful replication of the microstrucutres, numerical and 
experimental analyses were used to characterize micro injection molding. Computer-
aided engineering (CAE) models, using Moldflow Plastics Insight®  5.1 (Moldflow, 
Framingham, MA), were used to assist the design of micro injection molding processes. 
Experiments were performed to investigate the effect of mold temperature and injection 
speed on the replication of microcavities at different locations. 
4.2 Design of Test Geometry 
4.2.1 Objectives for Test Mold Insert  
All assembly features should have both dimensional and location integrity. 
Dimensional integrity can be defined as the consistency of the final feature dimensions 
to the original design dimensions, so it is equivalent to a tolerance on a feature 
dimension. Location integrity can be defined as the certainty of the location of assembly 
features with respect to each other, so it is the outcome of a tolerance stack defining the 
relative locations of the features. Variation as a physical consequence of manufacturing 
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processes, can affect the dimensional and location integrity of an assembly feature 
(Whitney, 2004). It is necessary to assess the differences between as-designed and 
actual dimensions and the locations of the alignment structures because the 
manufacturing process chain from mold insert fabrication to molding can generate 
variation in feature locations and dimensions.  
A test mold insert, having cubic micro scale features, was developed to assess 
the feature location and dimensional integrity of assembly features. Molded parts were 
produced using the test mold insert. The relative distances between the features and the 
dimensions of the features were measured. The measured values were compared with 
the as-designed values to extract the difference between them. If possible, the location 
and dimensions of assembly features will be redesigned to minimize variations. In 
micro injection molding of the features, process parameters such as mold temperature 
(or mold surface temperature) and injection speed, were chosen through experiments. 
The difference between the as-designed and actual dimensions acquired from the test 
mold insert gave insight into the type and location of assembly features suitable for 
maintaining the location integrity and dimensional integrity of assembly features. 
4.2.2 Designed Locations and Dimensions of Microstructures 
A mold insert, made of brass alloy 360, was designed as shown in Figure 4.1. 
The circular cavity was milled to a depth of 2 mm and the diameter of the circular 
cavity was 68 mm. Four air venting lines, having a width of 1 mm and depth of 30 µm, 
were placed 90˚ apart starting at the Y-axis of the mold insert. The circular cavity had a 
draft angle of 45˚ to ease the demolding of molded parts. Four groups of microcubes, 
having depths and lengths of 100, 200, 300, and 400 µm, respectively, were milled into 
the circular surface. Microcubes, 100, 200, 300, and 400 µm, had radii of 25, 50, and 
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100 µm at the interior corners, resulting from the bit diameter in the micromilling 
process. Each feature was located along a radius and there were 10 mm gaps between 
the centers as shown in Figure 4.1. 
4.3 Micro Milling of Mold Insert 
4.3.1 Specifications of Micro Milling Machine 
A KERN MMP high precision micro milling and drilling machine (KERN 
Micro- und Feinwerktechnik GmbH & Co. KG, Germany) was used for the fabrication 
of a brass mold insert made of brass alloy 360. The machine is shown in Figure 4.2. The 
machine is equipped for fabrication of mold inserts for injection molding, hot 
embossing, and prototypes of polymeric microstructures because of its excellent 
precision of ±1 µm. This machine consists of three moving stages (X, Y, and Z axes), a 
tool holder, a computer numerical control (CNC) unit, and a microscope. The main 
specifications for the micro milling machine are shown in Table A.1 of Appendix A. 
 
 
Figure 4.1 Schematic of a brass mold insert with cubic microscale assembly features. 
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4.3.2 Micro Milling Process 
Micro milling provides a rapid, inexpensive method of fabricating mold inserts. 
It can be an alternative or complementary method of manufacturing microstructures 
(Schmidt et al., 2002; Hupert, et al., 2007). Micro milling is a physical cutting process 
using a bit, so it has several limitations due to machine characteristics (Friedrich and 
Vasile, 1996; Schaller, et al., 1999). The limitation of micro milling is that the surface 
quality, shape, and size of the features are dependent on the diameter of the micro 
milling bit. It is impossible to make sharp edges without radii at the interior corner of 
the feature. It generates a burr at the surface or edge of features so that an extra process, 
such as electrochemical polishing, is needed. 
The tool paths were generated by CNC software, GIBBS CAM/CAD 
(GibbsCAM 2004, Moorpark, CA). The circular surface was milled at a feed rate of 300 
 
 
Figure 4.2 KERN MMP high precision micro milling and drilling machine 
(MMP 2252, KERN Micro- und Feinwerktechnik GmbH & Co. 
KG, Germany) (www.lsu.edu/cbmm). 
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mm/min and feed depth of 500 µm/cut and the microcubes were machined into the 
circular surface at a feed rate of 40 mm/min and feed depth of 10 µm/cut. 
4.3.3 Tolerances of Micromilled Mold Insert 
The dimensions and locations of the microstructures are transferred from a brass 
mold insert into a molded part during injection molding, so that the dimensional and 
location variation of the microstructures of the mold insert is the innate variation source 
of molded microstructures. As shown in Figure 4.3, the width of the bottom surface of 
microcavities and the distance between centers of the microcavities were chosen to 
evaluate the dimensional and location variation of the replicated parts due to the 
incomplete filling and shrinkage of the polymer. The dimensions and locations of the 
microstructures on the mold insert were measured using a Measurescope (MM-22, 
Nikon, Kawasaki, Japan) and a scanning electron microscope (SEM) (S-3600N, Hitachi, 
Tokyo, Japan), respectively. The performance of the measurement systems are shown in 
Table B.1, 2, and 3 of Appendix B.  
The widths and locations were represented using mean and 95% confidence 
interval (Figliola and Beasley, 2000). Table 4.1 shows the widths of the bottom surfaces. 
 
 
 
Figure 4.3 Schematic of the measured dimensions and locations of 
microcavities in the brass mold insert. 
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These had variations rnaging from -4 µm to -18 µm. The measured locations of the 
microcavities are shown in Table 4.2. The variations ranged from 5 µm to 14 µm. 
 
 
 
 
Table 4.1 Widths of the bottom surfaces of microcavities of the mold insert. 
The measurements were represented using mean and 95% 
confidence interval. 
 
Feature Designed width (µm) Measurement (µm) 
Bottom width 
100 96±3 
200 190±2 
300 284±2 
400 382±2 
 
Table 4.2 Measured locations of microcavities from the center of the mold 
insert. The measurements were represented using mean and 95% 
confidence interval. 
 
Feature Designed location (mm) Measurement (mm) 
Location 
10.000 10.005±0.003 
20.000 20.009±0.004 
30.000 30.014±0.005 
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4.4 Simulation for Process Design 
4.4.1 Mesh Types for Microstructures 
Simulation of injection molding using computer-aided engineering (CAE) 
models helps understand the flow behavior and the interaction of process parameters so 
that proper conditions for the process, the mold design, and the quality of replication 
can be reliably predicted. Moldflow Plastics Insight
®
 5.1 (Moldflow, Framingham, MA) 
was employed to help understand the flow behavior of the polymer melt in filling the 
mold cavity. Originally, the software was designed for macro scale analysis. 
Moldflow Plastics Insight
®
 5.1 provides three types of part model meshes, 
including midplane, surface, and volume meshes, for modelling the flow behavior of the 
polymer melt for mold filing. Figure 4.4 shows the mesh types supported by Moldflow 
Plastics Insight
®
 5.1. A midplane mesh, consisting of 3-noded triangular elements, is a 
2.5-dimensional representation of a solid model; the midplane mesh is inappropriate for 
modelling of a juncture of planes that have different thickness (Moldflow Plastics 
Insight
®
 5.1 manual). The midplane mesh is appropriate for parts, having uniform 
thickness and symmetric shapes. A surface mesh, consisting of surface shell 
 
   
(a) (b) (c) 
 
Figure 4.4 Mesh types supported by Moldflow Plastics Insight
®
 5.1. (Source : 
Moldflow Plastics Insight
®
 5.1 manual): (a) Midplane mesh , (b) 
Surface mesh, and (c) Volume mesh. 
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(a) 
 
(b) 
Figure 4.5 Comparison of 2.5-dimensional and 3-dimensional filling analysis: 
(a) Surface mesh, 2.5-dimensional analysis and (b) Volume mesh, 
3-dimensional analysis. 
 
 
 
 
Figure 4.6 SEM picture of a molded 200 µm cube with a mold surface 
temperature of 25˚C and injection speed of 102.6 cm3/s. 
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elements, is also 2.5-dimensional representation of a solid model (Moldflow Plastics 
Insight
®
 5.1 manual). The surface mesh represents only the surface of the 3-dimensional 
molded part. The surface mesh can represent the geometric variation of the thickness of 
a molded part, but it cannot predict the flow behavior along the thickness and in the 
interior of a molded part. A volume mesh, consisting of 4-noded, solid tetrahedral 
elements, is a 3-dimensional representation of a solid model (Moldflow Plastics 
Insight
®
 5.1 manual). Three-dimensional analysis using a volume mesh can predict the 
flow behavior through the thickness and in the interior of a molded part, but the 3-
dimensional analysis rapidly increases computing time and load (Hung, et al., 2001). 
In micro injection molding, most molded parts have 3-dimensional 
configurations with nonuniform thicknesses. Volume meshes and surface meshes have 
been used to predict the flow behavior of the polymer melt in mold filling (Hung, et al., 
2001). Three dimensional analysis and 2.5-dimensional analysis, using the volume mesh 
or surface mesh, respectively, predicted different flow behavior at the melt front in the 
filling of a microcavity (Weber, et al., 1996; Hung et al., 2001; Yu, 2004). Figure 4.5 
shows the flow from 2.5-dimensional and 3-dimensional analyses for the filling of a 
rectangular block with a microcavity. The different colors in the figure represented the 
advance of the melt front of the polymer as a function of time. In the 2.5-dimensional 
analysis, the melt front flowed through a base block. The melt reached the bottom of the 
microcavity and rose at the corners first, followed by the walls, leaving a bowl-shaped 
recess in the center of the cavity. Filling of the corner of the cavity implied that the melt 
at the corner had a higher pressure, which was unrealistic. Moreover, the surface mesh 
was not able to describe the flow behavior in the interior of the cavity. In the 3-
dimensional analysis, the melt polymer filled at the center first, followed by the walls 
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and the corners resulting in a dome shape for the melt in the microcavity. 
Polycarbonate, Lexan
®
 121R, was injected into the microcavity, having a depth 
and length of 200 µm, at a flow rate of 102.6 cm
3
/s. The surface temperature of the 
mold was approximately 25˚C. The experimental result, as shown in Figure 4.6, was a 
dome-shaped melt front in the microcavity. This showed that three-dimensional analysis 
using a volume mesh was a better choice than the 2.5-dimensional analysis. 
4.4.2 CAE Models for Analysis of Mold Filling 
Figure 4.7 shows a solid model, a center-gated disk with micro scale cubic 
assembly features on the top surface. The solid model was generated using SolidWorks 
2005 (SolidWorks Corp., Concord, MA), two-dimensional and three-dimensional 
mechanical design software. A mesh generator package, HyperMesh 7.0 (Altair 
Engineering Inc., Troy, MI), was used to mesh the solid model. The mesh was exported 
to Moldflow Plastics Insight
®
 5.1 as a type of surface mesh and then the surface mesh 
was translated to a volume mesh by Moldflow Plastics Insight
®
 5.1. 
 
 
 
Figure 4.7 Schematic of a center-gated molded disk with cubic micro scale 
assembly features. 
 
 68 
 
 
 
(a) 
 
(b) 
 
(c) 
 
Figure 4.8 CAE Models for 3-dimensional mold filling analysis with micro 
scale assembly features (red circles): (a) CAE Model 1, (b) CAE 
Model 2, and (c) CAE Model 3. 
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Three CAE models, using volume meshes, were constructed for the simulation 
of mold filling, as shown in the Figure 4.8, because the modeling of all thirteen micro 
scale assembly features in a CAE model required large number of elements i.e. one 
million or more. This resulted in impractical computation as the simulations become 
computationally expensive with respect to the time. The models consisted of a molded 
circular disk with cubic micro scale assembly features and a sprue. The features had 
depths and lengths of 100, 200, 300, and 400 µm, respectively. CAE Models 1, 2, and 3 
each had four assembly features (100, 200, 300, and 400 µm) located 10, 20, and 30 
mm from the injection point and 90˚ apart starting at the Y-axis of the mold insert.  
An assumption that the branch flow, flowing into the microcavities, did not 
affect the main flow of the melt, flowing across the circular disk, was applied to the 
models, because the volume of the branch flow was less than 0.01 % of the volume of 
the main flow. CAE Model 1, 2, and 3 consisted of 476,657, 435,938, and 373,202 
tetrahedral elements for the disk as shown in Table 4.3. All CAE models used 9 beam 
elements for the sprue. The microscale assembly features in the CAE model were 
represented with 10 tetrahedral elements along each dimension. 
In micro injection molding, mold surface temperatures and injection speed have 
been reported as the principal process parameters governing mold filling (Yu, et al., 
 
 
Table 4.3 The number of tetrahedral elements CAE Model 1, 2, and 3 for 
the analysis of the mold filling. 
 
CAE Model Model 1 Model 2 Model 3 
Number of tetrahedral elements  476,657 435,938 373,202 
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2002; Su, et al., 2004). Simulations were performed to help understand the flow 
behavior of the polymer melt while varying the mold surface temperatures. The 
simulation conditions were mold surface temperatures of 25, 50, 75, 100, 125, and 
150˚C and injection speeds of 82 cm3/s (5 in3/s). The melt temperature was 305˚C. 
4.4.3 Simulation Results 
Figure 4.9 shows the result of the filling analysis for CAE Model 1. The 
different shades/colors in the figure represent the advance of the melt front with respect 
to time. The melt filled at the center first, followed by the walls and the corners, 
producing a dome shaped melt in the microcavity while the rest of the microcavity was 
filled. Figure 4.10 shows the predicted mold surface temperatures for complete filling of 
 
 
 
 
 
Figure 4.9 Filling analysis of CAE Model 1 at a mold surface temperature of 
150˚C using Moldflow. 
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the microscale assembly features of CAE Models 1, 2, and 3. The temperatures for 
complete filling varied with the size of the microscale assembly features and the 
distance from the injection point. It was predicted that the features, closest to the 
injection point and the edge of the mold cavity would be filled at lower mold surface 
temperatures than the features located 20 mm from the injection point.  
4.5 Micro Injection Molding Experiments 
4.5.1 Specifications of the Injection Molding Machine 
A Battenfeld BA 500/200 CDK-SE (Kottingbrunn, Germany) injection molding 
machine was employed for the fabrication of the polymer microstructures (shown in 
Figure 4.11). The main specifications of the machine are given in Table C.1 of 
Appendix C. 
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Figure 4.10 Predicted mold surface temperatures required for the complete 
filling of micro scale assembly features of CAE model 1, 2, and 3 
(injection speed 82 cm
3
/s). 
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The machine consists of a clamping unit, an injection unit, and a control unit. 
The pellets of polymer were introduced into the barrel of the injection unit through a 
hopper. The barrel, having four electrical heating bands, heats the pellets. The pellets in 
the barrel were melted by the combination of shear heating between a screw and the 
pellets and the electrical heating of the barrel. The melted polymer was accumulated in 
an injection chamber between the nozzle of the injection unit and the front of the screw 
of the injection unit. After both mold blocks were closed by the clamping unit, the 
melted polymer was injected into a mold cavity while the screw was moved forward by 
a servo motor. When a molded part was cooled down, the part was ejected from the 
mold cavity. 
4.5.2 Mold Design 
A mold is an assembly of mold block A and mold block B, typically made of P-
20 steel, Figure 4.12 shows photographs of mold blocks A and B. Figure 4.13 shows 
 
 
 
 
Figure 4.11 Battenfeld BA 500/200 CDK-SE injection molding machine 
(Kottingbrunn, Germany). 
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schematic of mold design, consisting of mold block A and mold block B for this 
research. Block A, having a sprue and water cooling lines, was mounted on the 
stationary clamping unit. Block B was mounted on the movable clamping unit and 
consisted of mold blocks with water cooling lines, a thermal insulator plate having 
thermal conductivity of approximately 0.28 watt/meter-K and maximum working 
temperature of 287.8 ˚C, (PCS Inc., Fraser, MI), a heating unit having two cartridge 
heaters, and a replaceable brass mold insert, providing the cavity to be filled with 
melted polymer. 
Block B was designed to accommodate a 3×3 inch, replaceable mold insert. A 
sprue was placed at the center of the block A. Water cooling lines heated up the blocks 
to assist demolding of a molded part. The maximum temperature of the blocks was 
about 100˚C. In micro injection molding, when the polymer melt is introduced intio 
microcavities, the high ratio of surface area to volume in microcavities leads to faster 
heat loss from the melt into the mold walls, so that the melt is rapidly frozen before the 
melt fills the microcavities. To prevent premature solidification of the melt, a heating 
 
  
(a) (b) 
 
Figure 4.12 Photographs of mold block A and mold block B: (a) Mold block 
B and (b) Mold block A. 
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unit was installed on the back side of the mold insert and thermally insulated from the 
mold block to reduce heat transfer from the heating unit into the mold block. The 
maximum temperature of the mold insert was then about 200˚C.  
4.5.3 Material for Micro Injection Molding 
A number of polymers, including polymethylmethacrylate (PMMA), 
polycarbonate (PC), polystyrene (PS), polypropylene (PP), and polyethylene (PE), have 
been used for microfabrication. Recently, cycloolefin copolymer (COC) has been shown 
to be an attractive material for biochips because of its high chemical stability and 
optical transparency. However, PMMA and PC are the most prevalent materials for 
replicating microfluidic devices for medical instruments (Becker and Gärtner, 2000). 
Polycarbonate (PC), Bayer
®  
CD2005 (Bayer Material Science, Leverkusen, 
Germany), was selected as a material due to its application in thermal reactors, 
 
 
Figure 4.13 Schematics of mold block A and mold block B. 
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including the polymerase chain reaction (PCR). It had melt flow rate of 63g/10min and 
was a high performance, optical grade, polycarbonate resin. It had a glass transition 
temperature (Tg) of about 150˚C (Moldflow Plastics Insight
®
 5.1 manual). The thermal 
deflection temperature (ASTM-D-648) was 124˚C. Therefore, Makrolon CD 2005 was 
suitable for the fabrication of devices requiring working temperatures of 90 ~ 94 ˚C for 
the denaturation of double-stranded (ds) DNA. 
4.5.4 Experiments 
Mold temperature and injection speed were reported to be the dominant process 
parameters for the successful replication of microstructures (Despa, et al., 1999; Su, et 
al., 2004). Experiments were performed to investigate the effect of mold temperature 
and injection speed on the replication of microcavities at different locations. The melt 
temperature in the barrel was maintained at 305, 315, 300, 280, and 80 ˚C from the 
nozzle of the barrel to the throat of the barrel. The melt was injected from the nozzle to 
the mold cavity while the injection speed was about 16 cm
3
/s (1 in
3
/s), 49 (3 in
3
/s), 81 
cm
3
/s (5 in
3
/s), and 98 cm
3
/s (6 in
3
/s), the brass mold insert surface temperatures of the 
mold insert were 25, 100, 125, and 150˚C, and the demolding temperature was 80±5˚C 
as shown in Table 4.4. The process cycle time varied from 45 seconds to 5 minutes for 
different mold surface temperatures, because the higher mold surface temperatures 
 
 
Table 4.4 Main process parameters of the injection molding for the 
replication of microcubes. 
 
Injection speed Mold surface temperatures Demolding temperature 
16, 49, 82, and 98 cm
3
/s 25, 100, 125, and 150˚C 80±5˚C 
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required a longer heating and cooling time. 
The widths of the flat topped cubes were measured with an optical profilometer 
(Wyko, NT 3300 Profiling System, Veeco Metrology Inc., Tucson, AZ). The replication 
fidelity of the molded cubes was estimated by the normalized widths of the molded 
cubes, a ratio of the width of the top surface of a molded cube to the width of the 
bottom surface of the corresponding microcavity. The accuracy and precision of the 
optical profilometer were verified using 100 µm and 400 µm square meshes of a silicon 
test specimen (Electron Microscopy Science, Washington, PA). The measurement 
performance of the 100 µm square mesh is shown in Table B.4 of Appendix B. The 
accuracy of the measurement system was 0.3 µm and the precision was 0.6 µm. Table 
B.5 in Appendix B shows the measurement performance of the 400 µm square mesh. 
The accuracy of the measurement system was 0.3 µm and the precision was 3.3 µm. 
4.6 Analysis of Simulations and Experimental Results 
The replication fidelity was estimated by the normalized widths of the molded 
cubes, a ratio of the width of the top surface of a molded cube to the width of the 
bottom surface of a mold microcavity. It was represented by the mean with error bars 
indicating the 95% confidence interval (Figliola, 2000). 
4.6.1 Mold Temperature 
Figure 4.14 shows SEM pictures of molded 200 µm cubes, located 10 mm from 
the injection point at mold surface temperatures of 25, 100, 125, and 150˚C. The 
increase in mold surface temperature yielded better mold filling because the higher 
mold surface temperature delayed the generation of solidification layers at the mold 
walls so that the melt could be pushed further into the cavity during mold filling. This 
led to better replication fidelity of the microscale assembly features as the temperature 
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was increased. Experimental results showed incomplete filling at the interior corners of 
the microcavities when the mold surface temperature was 150˚C. 
Figure 4.15 shows the replication fidelity of the 200 µm cube assembly features 
as a function of the mold surface temperatures of 100, 125, and 150˚C when the 
injection speed was a constant 82 cm
3
/s. The increase of mold surface temperature 
yielded molded cubes with longer normalized widths, which meant better replication 
fidelity. At each mold surface temperature, replication fidelity of the cubes was different 
depending to the location. When the mold temperature was 100˚C, the cube closest to 
the end of the mold cavity showed better replication than the cubes located 10 and 20 
mm from the injection point. This can be explained by different cooling times and 
cavity pressures during mold filling (Yu, et al., 2002). When the polymer melt was 
injected, the melt flowed from the injection point to the end of the mold cavity. The melt 
in the microcavity closest to the injection point had a longer cooling time than the melt 
in the cavity close to the end of the mold cavity before the melt front reached the end of 
the mold cavity. When the melt reached the end of the mold cavity, the cavity pressure 
increased rapidly pushing more of the melt into the microcavity. However, the melt 
close to the injection point was already solidified, so the increase in cavity pressure did 
not lead to more filling of the microcavities close to the injection point. As the mold 
surface temperature increased to 150˚C, the cubes closer to the injection point showed 
better replication than the cubes close to the end of the mold cavity. When the cavity 
pressure increased, the higher pressure pushed more of the melt into the microcavity 
closest to the injection point because the melt was not solidified due to the high mold 
surface temperature. Location of better replication fidelity moved from 30 mm to 10 
mm as the mold surface temperature increased from 100˚C to 150˚C.  
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(a) 
 
 
(b) 
 
Figure 4.14 SEM pictures of molding 200 µm cubes with different mold 
surface temperatures (injection speed 82 cm
3
/s): (a) 25°C, (b) 
100°C, (c) 125°C, and (d) 150°C. 
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(c) 
 
 
(d) 
 
Figure 4.14 
(continued) 
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Figure 4.16 shows replication fidelity of microcubes (400 µm), which had a 
wider opening and a lower ratio of surface area to volume than the 200 µm cubes. The 
cubes (400 µm) can be molded with less pressure to push the melt into the microcavity 
at lower mold surface temperatures, including 100˚C and 125˚C. This resulted in better 
replication fidelity than that of the 200 µm features when the mold surface temperature 
was 100˚C and 125˚C. The difference in replication fidelity was less distinct than for the 
200 µm cubes when the mold surface temperature increased. 
Replication fidelity of 100 µm cubes is shown in Figure 4.17 with a mold 
surface temperature of 150˚C. Replication fidelity decreased with increased distance 
from the injection point. A flat topped cube was not observed at mold surface 
temperatures of 100˚C and 125˚C; the melt solidified before it reached the bottom 
surface of the microcavities. 
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Figure 4.15 Replication fidelity of 200 µm cubic assembly features as a 
function of mold surface temperature (injection speed 82 cm
3
/s). 
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Figure 4.16 Replication fidelity of 400 µm cubic assembly features with 
different mold surface temperatures (injection speed 82 cm
3
/s). 
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Figure 4.17 Replication fidelity of 100 µm cubic assembly features at a mold 
surface temperature 150˚C (injection speed 82 cm3/s). 
 
 82 
4.6.2 Injection Speed 
SEM pictures of molded 300 µm cubic assembly features, located 10 mm from 
the injection point, are shown in Figure 4.18, with injection speed varying from 16 to 98 
cm
3
/s at a mold surface temperature of 25˚C. As the injection speed was increased, the 
melt filled at the center first, followed by the walls and the corners resulting in a dome 
shaped melt front in the microcavity. Then the melt filled the cavity along the bottom 
surface of the mold insert. The molding results showed better replication of the 
microcavities as injection speed increased. The higher injection speed induced a higher 
injection pressure to push the melt into the microcavities before the solidification of the 
melt. The increase of injection speed decreased cooling time for the melt and the 
viscosity of the melt so more of the melt was pushed into the microcavities. This could 
be explained by the shear thinning effect and frictional heating of the melt (Beaumont, 
et al., 2002). The higher injection speed also induced better orientation of the molecular 
chains of the melt. Orientation of the molecular chains along the melt flow direction 
could make the melt flow more easily. This is the shear thinning effect of a non-
Newtonian flow (Beaumont, et al., 2002). The higher injection speed also developed 
higher frictional heating of the melt. The frictional heating increased the melt 
temperature so that it also reduced the viscosity of the melt during mold filling. 
Figure 4.19 shows SEM pictures of molded 300 µm cubic assembly features, 
located 10 mm from the injection point at a mold surface temperatures of 150˚C while 
the injection speed increased from 16 cm
3
/s to 82 cm
3
/s. The increase of injection speed 
did not improve replication quality as much as increase of the injection speed at low 
mold surface temperature 25˚C. The increase of injection speed achieved better mold 
filling in the figure. However, the difference of the width of the molded cubes was not  
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(a) 
 
 
(b) 
 
Figure 4.18 SEM pictures of molding results of 300 µm cubic assembly 
features with various injection speeds (mold surface temperature 
25˚C): (a) 16 cm3/s, (b) 46 cm3/s, (c) 82 cm3/s, and (d) 98 cm3/s.  
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(c) 
 
 
(d) 
 
Figure 4.18 
(continued) 
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(a) 
 
 
(b) 
 
Figure 4.19 SEM pictures of molding results of 300 µm cubic assembly 
features with various injection speeds (mold surface temperature 
150˚C): (a) 16 cm3/s, (b) 46 cm3/s, and (c) 82 cm3/s. 
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distinct as injection speed increased from 46 cm
3
/s to 82 cm
3
/s. A higher mold surface 
temperature decreased the generation of solidification layers at the mold walls so that 
the melt could be pushed further into the lower cavity at the injection speed of 46 cm
3
. 
Figure 4.20 shows the replication fidelity of 200 µm cube assembly features as a 
function of injection speed of 16, 49, and 82 cm
3
/s while the mold surface temperature 
was 150˚C. A flat topped cube, located 30 mm from the injection point, was not 
observed at an injection speed of 16 cm
3
/s. At an injection speed of 49 cm
3
/s, the 
replication fidelity of the microcavities, located 10 and 20 mm from the injection point, 
was as good as for the injection speed of 82 cm
3
/s. However, at the end of the mold 
cavity, replication fidelity was poorer due to the lower injection pressure. Figure 4.21 
shows the replication fidelity of 300 µm cube assembly features as a function of 
injection speeds of 16, 49, and 82 cm
3
/s with a mold surface temperature of 150˚C. 
 
(c)  
 
Figure 4.19 
(continued) 
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Figure 4.20 Replication fidelity of 200 µm cubic assembly features with 
various injection speeds (mold surface temperature 150˚C). 
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Figure 4.21 Replication fidelity of 300 µm cubic assembly features with 
various injection speeds (mold surface temperature 150˚C). 
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A flat topped cube, located 30 mm from the injection point, was observed at all injection 
speeds. The melt filled the microcavity at low injection pressures because the 300 µm 
microcavities had a wider opening width than the 200 µm microcavities. The larger 
opening width decreased the higher flow resistance of the melt, improving replication 
fidelity. 
4.6.3 Location Variation of Microstructures 
The location variation of molded assembly features was measured using the 
Measurescope with a magnification of 10×10 (lens×objective). The variation was 
defined as the difference between the actual location of the assembly features and the 
designed location of the microcavities. 
Figure 4.22 shows side views of 400 µm assembly features, located 10, 20, and 
30 mm from the injection point. The mold surface temperature was 150˚C and injection 
 
 
   
(a) (b) (c) 
 
Figure 4.22 Side views of 400 µm assembly features, located 10, 20, and 30 
mm from the injection point (mold surface temperature 150˚C 
and injection speed 82 cm
3
/s): (a) 10 mm, (b) 20 mm, and (c) 30 
mm. 
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speed was 82 cm
3
/s. Deformation was observed in the feature located 30 mm from the 
injection point. In the figure, shrinkage occurred in the leftward direction (radial 
direction of the molded part). When the molded part was cooled, it shrank from the edge 
to the thermal center of the molded part but the microcavity walls contacting the 
features prevented the shrinkage of the microstructure. This induced thermal stress in 
the features. As the distance between the features and thermal center increased, thermal 
stresses also increased because thermal stress was proportional to the amount of 
shrinkage. 
Figure 4.23 shows the measured location variation of the assembly features (400 
µm) and the calculated location variation assuming a linear CTE. In the calculation, the 
thermal expansion coefficient (CTE) of the polymer was 73×10
-6
 m/m/˚C and the 
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Figure 4.23 Measured location variation of assembly features and estimated 
location variation using the thermal expansion coefficient (CTE) 
of the polymer 73×10
-6
 m/m/˚C (mold surface temperature 150˚C 
and injection speed 82 cm
3
/s). 
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temperature range was the difference between initial mold surface temperature (150˚C) 
and room temperature (25˚C). The calculated variation changed linearly with the 
distance of the assembly features from the injection point. In the figure, the variation 
was negative. This meant that the actual distances to the assembly features were less 
than the designed distances due to thermal shrinkage of the polymer as the polymer 
cooled. The measured variation was less than the calculated variation because the 
calculated variation did not consider the holding stage in the molding process. The 
holding pressure in injection molding packs more of the polymer in the mold cavity so 
that it reduces thermal shrinkage of the molded part. 
4.7 Conclusions 
Simulations, using industry-standard molding software, overestimated mold 
filling at the corners and edges of flat surfaces of the microcavities because the 
simulation did not consider the surface tension of the polymer, compressed air in the 
cavity, or the roughness of the cavity walls. Replication fidelity of micro assembly 
features was estimated by the normalized widths of the molded cubes, a ratio of the 
width of the top surface of a molded cube to the width of the bottom surface of a 
microcavity. The increase of mold surface temperatures and injection speeds achieved 
better replication of the microcavity as the ratio of surface area to volume increased. 
Location of better replication fidelity, at each mold surface temperature, moved from 
the end of the mold cavity to the injection point as the mold surface temperature 
increased from 100˚C to 150˚C. The replication fidelity depended on process parameters 
including mold surface temperatures and injection speeds, but also both the size and 
location of the mold features. For successful replication, the process parameters have to 
be chosen to prevent premature solidification of the melt. 
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CHAPTER 5. DOUBLE-SIDED INJECTION MOLDING FOR 
MODULAR, POLYMER MICROFLUIDIC DEVICES 
 
5.1 Introduction 
Injection molding has been widely used for the cost-effective mass production of 
polymer microfluidic devices (Becker and Gärtner, 2000; Heckele and Schomburg, 
2004; Giboz, et al., 2007). The microfluidic devices have been used to perform 
individual sample and reagent processing for biochemical analysis. Genetic analysis 
consists of a series of functional steps for the analysis from sample preparation to 
detection. These steps can be realized as a complete system using assembly of three or 
more functional devices. 
For the assembly of the devices, assembly features have to be fabricated on both 
top and bottom surfaces of the devices. Two brass mold inserts were developed for 
double-sided injection molding to fabricate devices having assembly features on both 
surfaces. Prototype modular microfluidic devices were replicated using double-sided 
injection molding for the experimental demonstration of the devices. Dimensional and 
location variation of the assembly features and alignment standards were characterized 
to evaluate the dimensional and location integrity. The quantified dimensions, locations, 
and variations will be coupled to the assembly tolerance analysis in Chapter 6. 
5.2 Design and Fabrication of Mold Inserts  
For assembly of three or more modular, polymer microfluidic devices, the 
assembly features have to be fabricated on both the top and bottom surfaces of the 
microdevices as shown Figure 5.1. The top surface contained v-grooves and the bottom 
surface held hemisphere-tipped posts. Alignment standards are also necessary for 
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comparing the accuracy of assembly.  
Two brass mold inserts were designed for the fabrication of the modular devices 
using doubled-sided injection molding. One mold insert contained hemisphere-tipped 
holes for the replication of hemisphere-tipped post as shown in Figure 5.2. The radius of 
the mold cavity was 34 mm. The mold cavity had a depth of 2 mm and a draft angle of 
30° to assist demolding. The hemisphere-tipped holes were located along radii 16 and 
24 mm from the center of the mold and had depths of 1.025 mm and radii of 0.5 mm. 
The angles between the holes at the same radius were 120°. The blunt rectangular steps 
for the alignment standards had minimum widths of 0.2 mm, heights of 1.970 mm, and 
lengths of 2.5 mm. They were located 31.5 mm from the center of the mold.  
 
 
 
 
Figure 5.1 Schematic of an injection molded modular microfluidic device 
with assembly features, a set of three v-grooves and hemisphere-
tipped posts, on the top and bottom surfaces and alignment 
standards on both. 
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Figure 5.2 The layout of the brass mold insert of the testbed with   
hemisphere-tipped holes and blunt rectangular steps for alignment 
standards. 
 
 
 
 
Figure 5.3 The layout of complementary testbed brass mold insert with v-
shaped pyramids. 
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(a) (b) 
  
(c) (d) 
  
(e) 
 
Figure 5.4 SEM images of a: (a) hemisphere-tipped hole, (b) v-shaped 
pyramid, (c) alignment slot for assembly of the mold inserts, (d) 
alignment pin for assembly of the mold inserts, and (e) alignment 
standard on the mold insert. 
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Four slots to assist alignment with the complementary testbed mold insert had widths of 
2.010 mm, depths of 2 mm and lengths of 2 mm and were located 30 mm from the 
center of the mold along X- and Y-axes, respectively. 
Figure 5.3 shows the other mold insert having a triad of v-shaped pyramids for 
v-grooves. The pyramids had opening widths of 1.900 mm, heights of 0.950 mm, and 
angles of 45 ˚ relative to the substrate plane. Four pins to assist alignment with the mold 
insert with hemisphere-tipped holes have diameters of 2.00 mm and heights of 1.50 mm. 
There is a hollow hole to accommodate a sprue. The brass mold inserts were 
micromilled as described in Chapter 4. 
SEM images of a hemisphere-tipped hole, v-shaped pyramid, alignment slot and 
pin, and alignment standard on the mold inserts were shown in Figure 5.4. Tool marks 
were observed on the surfaces of the hole and pyramid due to micromilling. The 
rectangular step had a width of 200 µm at the end of its tip as shown in Figure 5.4 (e). 
5.3 Double-Sided Injection Molding Experiments 
A Battenfeld BA 500/200 CDK-SE (Kottingbrunn, Germany) conventional all-
electric injection molding machine was employed for the double-sided injection 
molding. A polycarbonate resin (PC), Makrolon OD2015 (Bayer Material Science, 
Germany), was selected for the fabrication of the microdevices because it was high-
performance optical grade and had a melt flow rate of 63g/10min. The melt temperature 
in the barrel was maintained at 290, 320, 295, 260, and 60˚C from the nozzle of the 
barrel to the throat of the barrel and the melt was injected from the nozzle to the mold 
cavity. The melt was injected at an injection speed of 82 cm
3
/s (5 in
3
/s), the injection 
and holding pressures were 41 and 24 MPa, the holding and cooling times 12 and 10 
seconds, and the surface temperatures of the mold inserts were maintained at 100±5˚C. 
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(a)  (b) 
 
 
 
(c)  (d) 
 
 
 
(e) 
 
Figure 5.5 Optical micrographs of a: (a) top surface of the post located 16 mm 
from the center of the devices, (b) top surface of the post located 
24 mm from the center of the device, (c) surface of the v-groove 
located 16 mm from the center of the device, (d) surface of the v-
groove located 24 mm from the center of the device, (e) surface of 
the alignment standard located 31.5 mm from the center of the 
device. 
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The surfaces of typical replicated alignment structures and an alignment 
standard were imaged using the Measurescope. Figure 5.5 shows optical micrographs to 
evaluate complete filling the mold cavity. Tool marks transferred from the mold insert 
surface are evident on the top surface of the molded structures but the marks were not as 
distinctive on the top surface of the post located at 24 mm. This indicated that the 
polymer melt incompletely filled the hemisphere-tipped hole. The radial distance of the 
hole from the thermal center increased the growth of the frozen layers, compared to the 
hole located 16 mm. Frozen layers result in incomplete filling of the cavities. 
Considering the experimental results in Chapter 4, the surface temperature of the mold 
cavity should be increased to ensure the complete filling of the hole. 
Defects of molded parts are one of the critical issues in the replication of 
 
 
 
 
Figure 5.6 SEM images of a replicated hemisphere-tipped post having typical 
defects. 
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microdevices. It can reduce the dimensional and location integrity of molded features. 
SEM images of a replicated hemisphere-tipped post are shown in Figure 5.6. Offset of 
the top surface of the hemisphere and undercut at the bottom of the post are observed. 
After filling of the microcavities with polymers, the sidewalls of the post on the molded 
device experienced normal stresses because polymers would shrink towards the center 
of the device. The stresses were thermally induced by the mismatch of the thermal 
expansion coefficients between the mold insert and polymers. Shrinkage also stimulated 
shear stresses along the sidewalls of the post due to adhesion and friction between the 
sidewall of the mold insert and the post during demolding. The stresses induced defects 
generating the dimensional and location variation of the post.  
Figure 5.7 (a) and (b) show SEM images of side views of the posts located 16 
and 24 mm from the center. The offsets are evident on the sidewalls of both 
hemispheres. The post in Figure 5.7 (b) inclines in the opposite direction of the 
shrinkage, compared to the post in Figure 5.7 (a) because it has greater shrinkage than 
the post located 16 mm from the center.       
No defects were observed on the surfaces of the replicated v-grooves of the 
device. SEM image of v-groove located 24 mm from the center is shown in Figure 5.8. 
The sidewalls between the mold insert and v-groove had an angle of 45° relative to the 
substrate plane. Even though the polymers shrink from the edge to the center of the 
device, the sidewall of the v-groove experiences lower stresses during demolding, 
compared to the hemisphere-tipped posts.  
An alignment standard was replicated from the blunt rectangular step as shown 
in Figure 5.9. The nominal location of the standard was 31.5 mm from the center of the 
device and the nominal width was 200 µm.   
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(a) 
 
 
 
(b) 
 
 
Figure 5.7 SEM images of side views of two hemisphere-tipped posts: (a) a 
hemisphere-tipped post located 16 mm from the center of the 
device and (b) a hemisphere-tipped post located 24 mm from the 
center of the device. 
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Figure 5.8 SEM image of a typical replicated v-groove located 24 mm from 
the center of the device. 
 
 
 
 
 
 
Figure 5.9 SEM image of a typical replicated alignment standard located 31.5 
mm from the center of the device. 
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5.4 Characterization 
5.4.1 Characterization of Alignment Structures and Alignment Standards 
In molding, dimensional and location variations of the molded part are inevitable 
since the mold inserts and polymer have a thermal history, including expansion and 
contraction, resulting in molded features with defects as shown in Figure 5.7. The 
assessment of the variations is necessary to evaluate dimensional and location integrity 
of the part and ensure the accuracy of the assembly. The mold inserts were measured 
three times and five replicated modular microdevices were used for measurements.    
For characterization of the dimensions of the hemisphere-tipped posts, the base 
height (hpi), post height (Hpi), and angle (θpxi and θpyi) of the post with respect to the 
coordinate system of the hemisphere-tipped post were measured using a Measurescope 
(MM-22, Nikon Corp., Kawasaki, Japan) with 10×10 magnification and a focus/defocus 
method as shown in Figure 5.10.  
To estimate the radius of the hemisphere-tipped hole, polydimethylsiloxane 
 
 
 
 
Figure 5.10 Measured dimensions of the hemisphere-tipped post; base height 
(hpi), height (Hpi), radius (rpi), and angle (θpi) of the post. 
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(PDMS), including pre-polymer (RTV615A, GE Silicones, Wilton, CT, USA) and 
curing agent (RTV615B, GE Silicones, Wilton, CT, USA), was cast onto the mold insert 
for the replication of the hemisphere-tipped holes. The PDMS was cured at room 
temperature (25˚C) for seven days. The PDMS has volume shrinkage of 0.2% after 
curing, which did not add significant dimensional changes to the replication of the 
hemisphere-tipped holes (Kim, et al., 2002). The radius of the replicated PDMS 
hemisphere-tipped post was measured to estimate the radius of the hemisphere-tipped 
hole. Side views of the PDMS and embossed posts were taken using a scanning electron 
microscope (SEM) (S-3600N, Hitachi, Japan) and the curvature of the post was 
extracted from the SEM image using the Image Processing Toolbox in MATLAB 
R2007a (The MathWorks, Natick, MA, USA). The radius (rpi) of curvature was 
estimated by constructing a circle using three distinct points on the tip boundary. 
The width (wvi) of the v-groove was measured using the Measurescope and a 
non-contact profilometer (Nanovea ST400, Micro Photonics Inc., Allentown, PA) was 
used for the measurement of the angle (θvi) of the v-groove relative to the substrate 
plane as shown in Figure 5.11. 
 
 
 
 
Figure 5.11 Measured dimensions of the v-groove: width (wvi) and angle (θvi). 
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(a) 
 
 
 
(b) 
 
Figure 5.12 Location of the hemisphere-tipped post with respect to the 
coordinate system of the molded part; (a) radial distance (Rpi), 
angle (θpi) about Z-axis of the coordinate system and (b) 
nonplanarity (Bhi) of the post. 
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Locations of the alignment structures and standards can be defined as functions 
of radial distance, angle, and nonplanarity with respect to the coordinate system of the 
part. The center of the hemisphere-tipped post was estimated by constructing a circle 
using three distinct points on the base boundary. The radial distance (Rpi) and angle (θpi) 
of the post were defined as shown in Figure 5.12 (a). The nonplanarity (Bhi) is the 
height difference between the center of the post base and the coordinate system of the 
part due to the non-flatness of the part as shown in Figure 5.12 (b). The locations of the 
v-groove and alignment standards were also characterized in the same way. The 
magnification of the Measurescope was 10×10.  
The location of the alignment standard on the mold insert can vary along its 
sidewall due to machining variations or deformation. This induces location variation of 
the alignment standards on the bottom and top surfaces of the molded part. Figure 5.13 
shows variation of the radial distance (ΔRAi) between the bottom and top of the 
alignment standard on the mold insert. The alignment structures and standards on the 
 
 
 
 
 
Figure 5.13 Variation of the radial distances (ΔRAi) between the bottom and top 
of an alignment standard on the mold insert. An ideal alignment 
standard and radial distance is shown on the right. 
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mold inserts were characterized using methods as for the characterization of the molded 
parts. 
Assembly features were fabricated on both the top and bottom surfaces of the 
modular device using two mold inserts. Misalignment between the mold inserts was 
transferred into the mismatch between the top and bottom surfaces of the modular 
device. The mismatch was estimated by translations (ΔXC and ΔYC) and rotation (θZC) 
from the bottom surface to the top surface of the modular device as shown in Figure 
5.14. 
 
 
 
Figure 5.14 Mismatch between the top and bottom surfaces of the modular 
device: Mismatches (ΔXC and ΔYC) and rotation (θZC). 
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5.4.2 Dimensional and Location Variation 
The dimensions and locations of the assembly features, a set of three 
hemisphere-tipped posts and v-grooves, and alignment standards on the mold inserts 
and replicated modular devices were represented using the mean and standard deviation 
(σ).   
Table 5.1 shows the dimensions of the hemisphere-tipped holes and v-shaped 
pyramids on the mold inserts at the designed locations of 16 mm and 24 mm. The 
hemisphere-tipped hole had radii of 490±3 µm. It was 10 µm less than the designed 
radius of 500 µm due to machining variation. The widths of v-shaped pyramids were 
from 1885±2 to 1886±3 µm. Other dimensions do not show significant differences, 
compared to the designed values. 
 
Table 5.1 Dimensions and standard deviations of the hemisphere-tipped 
holes and v-shaped pyramids on the mold insert. 
 
Features 
Designed 
dimensions 
Measured 
16 mm 24 mm 
Hemisphere 
-tipped hole 
Base depth 100 µm 100 ± 1 101 ± 2 
Post depth 925 µm 926 ± 1 925 ± 2 
Radius 500 µm 490±3 490±3 
Angle about x-axis 0.0° 0.0 0.0 
Angle about y-axis 0.0° 0.0 0.0 
V-shaped 
pyramid 
Width 1890 µm 1885±2  1886 ± 3 
Angle 45˚ 44.7 ± 0.3 44.7 ± 0.2 
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The locations of the alignment structures on the mold inserts are shown in Table 
5.2. The radial distances of the hole and pyramid had variations of ±3 µm about the 
mean. Angular variation of the alignment structures was ±0.01˚ with respect to the 
coordinate system of the mold insert as shown in Figure 5.12. 
Mean radial distances to alignment standards 1, 2, 3, and 4 were -12 to -48 µm 
less than the designed value of 31.5 mm and mean angles ranged from -0.01˚ to 0.01˚ as 
shown in Table 5.3. Table 5.4 shows the difference in the radial distance between the 
bottom and top of the alignment standard. The differences were 20±7, -106±2, 5±6, and 
14±3 µm at the alignment standards 1, 2, 3, and 4, respectively. An undercut was 
observed at the bottom of alignment standard 2. The PDMS was cast into the mold 
insert for replication of the bottom and top of the alignment standard 2. The magnitude 
of the undercut of the mold insert was estimated from the PDMS casting. Other 
dimensions were directly measured from the alignment standards on the mold insert. 
Table 5.2 Locations and standard deviations of the hemisphere-tipped 
holes and v-shaped pyramids with respect to the center of the 
mold insert. 
 
Features 
Designed 
locations 
Measured 
16 mm 24 mm 
Hemisphere 
-tipped hole 
Radial distance  16 and 24 mm 16.001± 0.003 24.001± 0.003 
Angle 0.00° 0.00 ± 0.01 0.00 ± 0.01 
Nonplanarity  0 µm -5±3 -5±4 
V-shaped 
pyramid 
Radial distance 16 and 24 mm 16.001± 0.003 24.000± 0.003 
Angle 0.00° 0.00 0.00 
Nonplanarity  0 µm 3±3 2±3 
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Table 5.3 Locations and standard deviations of the alignment standards 
with respect to the center of the mold insert having 
hemisphere-tipped holes. 
 
Alignment standards Designed locations Measurements 
1 (Y-axis) 
Distance = 31.5 mm 31.483±0.002 
Angle = 0.00° 0.01±0.01 
2 (X-axis) 
Distance = 31.5 mm 31.452±0.004 
Angle = 0.00° -0.01±0.02 
3 (Y-axis) 
Distance = 31.5 mm 31.485±0.007 
Angle = 0.00° 0.01±0.01 
4 (X-axis) 
Distance = 31.5 mm 31.488±0.004 
Angle = 0.00° 0.00±0.01 
 
 
 
Table 5.4 Difference of radial distance between bottom and top of the 
alignment standard on the mold insert. 
 
Alignment standards Designed variation Measurements 
1 (Y-axis) 0 µm 20±7 µm 
2 (X-axis) 0 µm -106±2 µm 
3 (Y-axis) 0 µm 5±6 µm 
4 (X-axis) 0 µm 14±3 µm 
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Table 5.5 shows the dimensions of the molded alignment structures, including 
both hemisphere-tipped posts and v-grooves. The base heights (hpi) and heights (Hpi) of 
the hemisphere-tipped post were 3–12 µm taller than the designed heights of 100 and 
925 µm. This resulted from the elongation of the posts due to demolding forces between 
the sidewalls of the molded part and the mold cavity as described in Figures 5.6 and 5. 
7. Mean radii (rpi) of the posts were 485 µm and 489 µm; 15 and 11 µm less than the 
designed radius of 500 µm due to the machining variations of hemisphere-tipped holes 
on the mold insert. Demolding forces also inclined the hemisphere-tipped post in the 
direction opposite to the part shrinkage. The inclination angles (θpxi) of the hemisphere-
tipped posts with respect to the X-axis of the coordinate system of base of the post were 
Table 5.5 Dimensions and standard deviations of the hemisphere-tipped 
posts and v-grooves at the designed locations of 16 and 24 
mm from the center of the molded parts. 
 
Features 
Designed 
dimensions 
Measured 
16 mm 24 mm 
Hemisphere 
-tipped post 
Base height (hpi) 100 µm 103 ± 6 104± 5 
Post height (Hpi)  925 µm 932 ± 15 937 ± 6 
Radius (rpi) 500 µm 485 ± 8 489± 4 
Angle about x-axis (θpxi) 0.0° -1.4 ± 0.4 -4.0 ± 1.2 
Angle about y-axis (θpyi) 0.0° 0.0 ± 0.4 0.0 ± 0.3 
V-groove 
Width (Wvi)  1890 µm 1877 ± 3 1876 ± 3 
Angle (θvi) 45˚ 44.9 ± 0.3 44.8 ± 0.3 
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-1.4±0.4° and -4.0±1.2°. The width (Wvi) of the v-groove was slightly less than the 
width of the v-pyramid due to shrinkage of polymer. The angle (θvi) of v-groove surface 
with respect to substrate plane had not significant variation, compared to v-shaped 
pyramids.  
The radial distances and angles of the hemisphere-tipped posts and v-grooves 
are shown in Table 5.6. The distances (Rpi) to the hemisphere-tipped posts were 
15.908±0.003 mm and 23.854±0.003 mm. They were 92 µm and 146 µm less than the 
designed distances of 16 and 24 mm. This resulted from the shrinkage of the polymer 
along the radius of the molded parts. The variation of angle (θpi) with respect to the 
coordinate systems of the parts was 0.01°, respectively. The distance (Rvi) and angle 
(θvi) of the v-groove were similar to the results of the posts because the temperature of 
the two mold inserts were 100±5˚C during molding. The radial distances of assembly 
 
 
Table 5.6 Locations with standard deviations of the hemisphere-tipped 
posts and v-grooves at the designed locations of 16 and 24 
mm from the center of the modular device. 
 
Features 
Designed 
locations 
Measured 
16 mm 24 mm 
Hemisphere 
-tipped post 
Radial distance (Rpi) 16 and 24 mm 15.908±0.003 23.854±0.003 
Angle (θpi) 0.00° 0.00±0.01 0.00±0.01 
Nonplanarity (Bhpi)   0 µm -3±8 -3±14 
V-groove 
Radial distance (Rvi)   16 and 24mm 15.908±0.003 23.860±0.004 
Angle (θvi) 0.00° 0.00±0.01 0.00±0.02 
Nonplanarity (Bhvi) 0 µm -3±8 -5±11 
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features were -0.6% less than the designed distances due to shrinkage of polymer along 
radial direction of the modular devices. 
Table 5.7 shows the locations of the alignment standards from the center of the 
bottom surface with the posts of the modular devices. Radial distances (RApi) had a 
shrinkage of 0.6%, compared to the radial distances of the mold insert in Table 5.3. 
Angles (θApi) of the alignment standards were 0.00˚ ± 0.01˚ with respect to the Z-axis of 
the coordinate system of the part. The locations of the alignment standards on the top 
surface, with v-grooves, of the modular device are shown in Table 5.8. Different radial 
distances were obtained compared to the distances on the bottom surface. This resulted 
from the mismatch of the centers between bottom and top surfaces and variation of the 
radial distance along the sidewall of the alignment standard on the mold insert as shown 
in Table 5.4. 
Table 5.7 Locations and standard deviations of the molded alignment 
standards from the center of the bottom surface having the 
posts. 
 
Alignment standards Designed Locations Measurements 
1 (Y-axis) 
Radial distance (RAp1) = 31.5 mm 31.294 ± 0.006 
Angle (θAp1) = 0.00° 0.00 ± 0.01 
2 (X-axis) 
Radial distance (RAp2) = 31.5 mm 31.271 ± 0.007 
Angle (θAp2) = 0.00° 0.00 ± 0.01 
3 (Y-axis) 
Radial distance (RAp3) = 31.5 mm 31.294 ± 0.003 
Angle (θAp3) = 0.00° 0.00 ± 0.01 
4 (X-axis) 
Radial distance (RAp4) = 31.5 mm 31.292 ± 0.003 
Angle (θAp4) = 0.00° -0.03 ± 0.05 
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The alignment standards on the top and bottom surfaces of the modular device 
were nonplanar with respect to the centers of the surfaces due to non-flatness of the 
part. The nonplanarities were -29±8 µm and -17±8 µm on the top and bottom surfaces 
as shown in Table 5.9. 
The mismatch between the top and bottom surfaces of the modular device was 
characterized as Table 5.10. It resulted from the misalignment of the two mold inserts 
during molding. The center of the top surface was displaced 21±3 µm (ΔXC) and 112±5 
µm (ΔYC) along the X-and Y-axes with respect to the center of the bottom surface. 
Rotation (θZC) of the top surface was not observed with respect to the bottom surface of 
the modular device.  
Table 5.8 Locations and standard deviations of the molded alignment 
standards from the center of the top surface having the v-
grooves. 
 
Alignment standards Designed Locations Measurements 
1 (Y-axis) 
Radial distance (RAv1) = 31.5 mm 31.241±0.010 
Angle (θAv1) = 0.00° 0.03± 0.01 
2 (X-axis) 
Radial distance (RAv2) = 31.5 mm 31.191 ±0.003 
Angle (θAv2) = 0.00° 0.21±0.01 
3 (Y-axis) 
Radial distance (RAv3) = 31.5 mm 31.439±0.008 
Angle (θAv3) = 0.00° -0.04±0.01 
4 (X-axis) 
Radial distance (RAv4) = 31.5 mm 31.339±0.010 
Angle (θAv4) = 0.00° 0.19±0.01 
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5.5 Conclusions 
Dimensions and locations of assembly features and alignment standards were 
characterized for injection molded parts. The mold inserts and replicated modular 
devices were measured to evaluate dimensional and location integrity.  
The physical consequences of the manufacturing processes, including 
fabrication of mold inserts and double-sided injection molding, induced variation of the 
replicated modular devices. The variation of the mold inserts was the innate source of 
variation of the replicated parts. Shrinkage of the polymer was a principal contributor to 
the variation of the replicated parts. Dimensional variations of assembly features ranged 
from -3% to 1.2% locations of assembly features and alignment standards had shrinkage 
of 0.6% with respect to the designed dimensions and locations.  
Table 5.9 Nonplanarities and standard deviations of the alignment 
standard on the top and bottom surfaces of the modular device. 
 
Feature Designed nonplanarity Measurements 
Alignment standards 
on top surface 
0 µm -29±8 µm 
Alignment standards 
on the bottom surface 
0 µm -17±8 µm 
 
 
Table 5.10 Mismatch between the bottom and top surfaces of the modular 
device: Mismatches (ΔXC and ΔYC) along the X- and Y-axes 
and rotation (θZC) about the Z-axis.  
Mismatch of X-axis (ΔXC) Mismatch of Y-axis (ΔYC) Rotation (θZC) 
112±5µm 21±3 µm 0.00° 
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The mismatch between top and bottom surfaces of the modular device was 
observed due to the mismatch of two mold inserts in double-sided injection molding. 
The top surface of the part was displaced 21±3 µm and 112±5 µm along X- and Y-axes 
with respect to the bottom surface of the part. No significant rotation between the top 
and bottom surfaces of the part was observed. The mismatch will induce inherent 
mismatch of assembly of the modular devices. 
The characterized dimensions and locations of the alignment features will be 
coupled to the simulation of assembly tolerance analysis for modular, polymer 
microfluidic devices.    
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CHAPTER 6. ASSEMBLY TOLERANCE ANALYSIS AND 
ASSEMBLY FOR MODULAR, POLYMER MICROFLUIDIC 
DEVICES 
 
6.1 Introduction 
Assembly is one of key technologies for the development of advanced 
microsystems. It can be used to integrate different functional microdevices or 
components into a complete system and realize cost-effective mass production of 
microsystems. Microfluidics is a typical field for which assembly of different functional 
devices or components may enhance their usefulness.   
Dimensional and location variation of the microfluidic modules may be 
accumulated in the assembled systems. This can reduce the accuracy of the assembly 
and induce the mismatch of interconnects for the delivery of samples and reagent. It is 
necessary to analyze assembly tolerance as a function of the variations of the critical 
features to ensure that the performance requirements for the assemblies are met.  
Tolerance analysis for the assembly of modular, polymer microfluidic devices 
was performed using simulations and experiments. A set of three v-groove and 
hemisphere-tipped post joints was adopted as a model assembly (You, et al., 2006). 
Assembly functions were modeled kinematically using vector loops connecting 
assembly features and alignment standards. Monte Carlo methods were applied to the 
simulation of the tolerance analysis of the assembly. The results of simulations were 
statistically analyzed using histograms. To validate the assembly tolerance model, the 
modular devices were assembled using passive alignment without additional active 
alignment processes. The accuracy of the assemblies was determined by measuring the 
relative positions of alignment standards on the devices. 
 116 
6.2 Assembly Function for Tolerance Analysis 
Tolerance analysis requires an assembly function, a mathematical representation 
of the assembly. The assembly function describes the propagation of variation from an 
assembly feature to the assembled system as a function of the dimensions, location, and 
variation of selected assembly features. Barraja and Vallance developed an assembly 
function for a conventional kinematic coupling consisting of a set of three v-groove and 
ball joints (Barraja and Vallance, 2005). They used parametric equations for a sphere 
and flat surface to represent the contact points between the v-grooves and balls. This 
approach was extended to a set of polymer hemisphere-tipped post and v-groove joints.  
Figure 6.1 shows a schematic of two modular microdevices with mating 
assembly features, hemisphere-tipped posts and v-grooves, on the bottom and top 
surfaces. Alignment standards, rectangular notches, are included on each module to 
assist measurement of the relative offset of the assembled modules. The reference 
coordinate systems, AC and BC, are located at the center of the module mating surfaces. 
When two modules are assembled using the assembly features, each feature has two 
nominal contact points between the hemisphere-tipped post and v-groove as shown in 
Figure 3.5 in Chapter 3. The location of device B in the assembly can be described 
using a transformation with respect to the coordinate system of modular device A, AC. 
The transformation consists of three rotations and translations with respect to AC. If 
there are no variations of the assembly features, the location of device B can be defined 
using a 4×4 coordinate transformation as given by Equation 6.1 (McKerrow, 1991)   
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where, ZD  is the nominal vertical distance between AC and BC.   
If there are variations of assembly features, the variations change the contact 
positions between the assembly features with respect to the nominal positions. As a 
result, the location of device B has variation from the designed location. This induces 
misalignment of the assembly and reduces the accuracy of the assembly. The changed 
location of device B in assembly can be described as a relative location with respect to 
 
 
 
 
Figure 6.1 Schematic of two modular microfluidic devices with mating 
assembly features, hemisphere-tipped posts and v-grooves on both 
top and bottom surfaces and alignment standards: AC and BC are 
the coordinate systems of modular devices A and B. 
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the coordinate system AC. The transformation describing the changed location of device 
B is given by Equation 6.2 (McKerrow, 1991)  
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(6.2) 
where, x , y , and z  are rotations about X-, Y- and Z-axes from AC to BC and xd ,  
yd , and zd  are X-, Y- and Z- translations from AC to BC. The transformation, 
BCACT  , has to be represented as a function of the variations of the assembly features 
for the assembly function.  
A kinematic chain is shown in Figure 6.2. It is a closed loop of vectors passing 
 
 
 
 
Figure 6.2 A vector loop between a v-groove and a hemisphere-tipped post in 
an assembled system (Barraja and Vallance, 2005). 
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from a contact point from AC to BC through a v-groove and hemisphere-tipped post. 
The assembly of the modules is represented by six different kinematic chains because 
the assembly has six contact points between the assembly features. 
All of points on one of the surfaces of a v-groove are given by Equation 6.3. 
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where, i = 1,....., 6, xGi
AC P , yGi
AC P , and zGi
AC P  are the components of a position vector 
from the center of device A to a point on the surface of the v-groove, xFi
AC n , yFi
AC n , and 
z
Fi
AC n  are the components of a vector normal to the surface, and Fix , Fiy , and Fiz  are 
the coordinates of any point on the surface, so that it can be the contact point between 
the v-groove and a hemisphere-tipped post. 
The closed loop connecting the v-groove and hemisphere-tipped post can be 
defined as a sum of vectors as shown in Equation 6.4. 
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where, i = 1,....., 6, BCACT   is a transformation from device A to device B, Ci
BCP

, 
Di
BCP

, and Ei
BCP

 are the position vectors from the coordinate systems of device B to 
centers of base, step, and hemisphere of the post, Fi
ACP

 is the position vector from the 
coordinate system of device A to the contact point, 
2
RiD  is the magnitude of the radius 
of the post, and Fi
ACn

 is a vector normal to the surface of the v-groove. 
From Equation 6.3, the coordinates of the contact point, 
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If one of the points on the v-groove is assumed to be the contact point between 
the assembly features in Equation 6.3, Fix , Fiy , and Fiz  are equal to 
x
Fi
ACP , 
y
Fi
ACP , 
and zFi
ACP . Equations 6.5, 6.6, and 6.7, can be substituted into Equation 6.3. This gives 
six assembly functions with six variables, x , y , z , xd , yd , and zd as shown in 
Equation 6.8  
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where, i = 1,....., 6.  
The transformation matrix, BCACT  , can be obtained from the six equations 
using the Newton-Raphson method ( Gerald and Wheatley, 1994). 
The assembly accuracy can be estimated by the mismatch between the alignment 
standards along the X- and Y-axes of the reference coordinate systems of the modules. 
Figure 6.3 shows a cross-section of an assembly sectioned along the X-axis and a 
kinematic chain between the alignment standards to estimate the mismatch. The 
assembly of the modules has four kinematic chains. ZC and YC represent the coordinate 
systems of the alignment standards of modules A and B. The mismatch can be estimated 
using the transformation, YCZCT  , from ZC to YC. If there are no location variations of 
the alignment standards with respect to AC and BC, the transformation can be 
represented by the kinematic chain that is a series of vectors as shown in Equation 6.9  
 
ijjjjiii YCBCBCACACZCYCZC
TTTT    (6.9) 
 
Whrere, i = 1, 2, 3, and 4 and j = 1. 
However, the alignment standards have location variation with respect to the 
coordinate systems of the modules. The variation is accounted for by adding variation 
transformations into the kinematic chain as shown Figure 6.4. AC
´
 and BC
´
 represent the 
varied coordinate systems of the modules A and B. The transformation between ZC and 
YC is given by Equation 6.10   
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Whrere, i = 1, 2, 3, and 4, j = 1, '
jj ACAC
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
is the variation transformation between 
AC and AC
´
, ''
jj BCAC
T

 is the transformation from AC
´
 to BC
´
, and 
jj BCBC
TD
'
 is 
the variation transformation between BC and BC
´
.  
Transformation, 
ii YCZC
T  , can be expressed as shown in Equation 6.11   
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Whrere, i = 1, 2, 3, and 4, j = 1. 
 
 
 
Figure 6.3 A kinematic chain between the alignment standards of the modules 
to estimate the mismatch of assembly. 
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6.3 Assembly Tolerance Analysis Using Monte Carlo Simulation 
Assembly tolerance analysis using Monte Carlo methods was performed for the 
modular, polymer microfluidic devices. The quantified dimensions, locations, and 
variations of the assembly features and alignment standards in Chapter 5 were coupled 
to the assembly function shown in Equations 6.8 and 6.11. Random numbers were 
scaled by the standard deviation of each variation of the dimensions and locations for 
the simulation.  
Ten thousand assemblies were virtually generated for the simulations. The 
assigned dimensions and locations were assumed to have a normal distribution. The 
upper and lower limits of the variations were three times the standard deviation. Mean 
 
 
Figure 6.4 A kinematic chain between the alignment standards through the 
varied coordinated systems of modules A and B. 
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shift of the assigned variations was not considered at this time.    
The steps of assembly tolerance analysis are represented in a flow chart as 
shown in Figure 6.5. There are two principal steps for the analysis. The first step is for 
the random generation of the dimensions and locations of assembly features within the 
upper and lower limits of variations. In the second step, the transformation from 
modular device A to B was calculated using the Newton-Raphson method with the input 
 
 
 
 
(a) 
 
Figure 6.5 Flow charts for assembly tolerance analysis of modular, polymer 
microfluidic devices using Monte Carlo methods: (a) Random 
generation of assembly feature variation (b) Monte Carlo 
simulation for assembly tolerance. 
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varying dimensions and locations of the assembly features. The convergence criterion 
for the Newton-Raphson method was set to 1×10
-9
 m. The locations of alignment 
standards were randomly generated. Finally, the mismatch of the assembly was 
computed using the assembly function (Equation 6.11). 
 
 
 
(b) 
 
Figure 6.5 
(continued) 
 
 
 126 
6.4 Assembly of Modular, Polymer Microfluidic Devices 
 The modular devices were stacked manually using the alignment structures. 
These were pushed lightly back and forth and left and right with respect to the center of 
the devices during alignment. After the alignment structures reached a stable position, 
 
 
(a) 
 
(b) 
 
Figure 6.6 A schematic and photograph of the assembly of the modular 
devices: (a) Photograph of the assembly of the modular devices 
and (b) Schematic of the assembly and locations of alignment 
standards. 
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no relative motion between the stacked microdevices was observed as the kinematic 
design of the assembly features predicted in Chapter 3. Epoxy (5 Minute®  Epoxy, 
Devcon, Danvers, MA, USA) was applied to the stacked devices for bonding and was 
cured at room temperature (25˚C) for one day. The assembled modular devices were 
sorted into two groups, assembly sets 1 and 2, having different nominal radial distances 
of the alignment structures. Assembly sets 1 and 2 were assembled using alignment 
structures located 16 and 24 mm from the centers of the modules, respectively. Each 
group had five pairs of samples. 
Figure 6.6 shows a schematic and photograph of the assembly testbed used to 
simulate the realization of modular, polymer microsystems. The alignment accuracy of 
the assemblies was estimated as the mismatch and vertical separation of four pairs of 
 
 
Figure 6.7 An optical micrograph of a typical pair of alignment standards 
along the X-axis at location 4 (ΔXi is the mismatch along the X-
axis and ΔZi is the vertical distance between the modules). 
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the alignment standards at locations 1, 2, 3, and 4 along the X-, Y-, and Z-axes. The 
Measurescope with magnification 10×10 was used for the measurements.  
Figure 6.7 shows an optical micrograph for a typical pair of alignment standards 
along the X-axis at location 4 after assembly. The mismatch (ΔXi) along the axis and 
vertical distance (ΔZi) between the modular devices A and B were observed as the 
difference between the sidewalls of the alignment standards in the figure. If there were 
no variations of the assembly features and alignment standards, the mismatch (ΔXi) 
would be zero and the vertical distance (ΔZi) was the designed value.  
6.5 Results of the Assembly Tolerance Analysis and Assembly for Modular, 
Polymer Microfluidic Devices 
The results of the simulations of the assembled modular devices were 
statistically represented using histograms to show the mismatch or vertical separation of 
the assembly and the number of occurrences. Experimental results, represented by 
measured mean with a 95% confidence interval (Figliola and Beasley, 2000), were 
combined with the histogram for comparison of the simulations and experiments. 
The variation of the location was represented using three rotational and 
translational degrees of freedom with respect to the coordinate system of modular 
device A. Figure 6.8 shows the location variation of modular device B of assembly set 
1. The assembly features were located 16 mm from the centers of the modules. 
Rotational variations about the X-, Y-, and Z- axes had standard deviations of 0±0.06°, 
0±0.06°, and 0±0.02°. Translational variations were 0±6 µm, 0±6 µm, and 299±12 µm 
along the X-, Y-, and Z- axes of assembly. Figure 6.9 shows the location variation of 
modular device B of assembly set 2. The assembly features were located 24 mm from 
the center of the modules. Rotational variations about the X-, Y-, and Z- axes had 
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variations of 0±0.04°, 0±0.04°, and -0.01±0.01° and translational variations were 0±6 
µm, 0±6 µm, and 306±12 µm along the X-, Y-, and Z- axes. 
The dimensional and location variation of the assembly features varied with the 
positions of the two contact points on the hemisphere-tipped post and on the surface of 
the v-groove in assembly. This induced the location variation of modular device B of 
assembly with respect to the designed location. The translational variation directly 
contributes to the mismatches along the X- and Y-axes and variation of the vertical 
distances between modules. The rotational variation has an angular effect on the 
mismatches and vertical distances compared to the translational variation. The 
mismatches and vertical distance increase along the radii of the modules from the center 
to the alignment standards according to the rotation of modular device B. The 
hemisphere-tipped posts of assembly set 1 had a larger range of variation of post height 
(Hpi) and radius(rpi) than the post assembly set 2 as shown Table 5.5. This induced that 
assembly set 1 had a larger range of rotational variation than assembly set 2.  
The mismatch and vertical distance of assembly set 1 are shown in Figures 6.10, 
6.11, and 6.12. Figure 6.10 shows the mismatch along the Y-axis (ΔYi) at locations 1 
and 3. The simulation predicted a mismatch of 19±13 µm and the experiments yielded a 
mismatch of 16±4 µm. The estimated mismatch falls into the 95% confidence interval 
of the measurement. The mismatch at locations 2 and 4 along the X-axis (ΔXi) of 
assembly set 1 is shown in Figure 6.11. The mismatches from the simulations were 
117±13 and 118±30 µm, respectively. The difference between the measurements and 
the estimates of the mismatches ranged from 1 to -15 µm. The estimate at location 4 had 
a deviation of 9 µm from the confidence interval of the measurement; a discrepancy of 
8% between the simulation and experiment. Figure 6.12 shows the vertical distance 
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(ΔZi) of assembly set 1 at locations 1, 2, 3 and 4. The estimated distances from the 
simulation are 313~312 µm with standard deviation of 37 µm. The measured distances 
were 296±9 µm, 306±20 µm, 291±13 µm, and 316±4 µm. The estimates at location 1 
and 3 show a discrepancy of 3% compared to the measurements.   
The mismatch and vertical distance of assembly set 2 are shown in Figures 6.13, 
6.14, and 6.15. The estimated mismatches along the Y-axis at locations 1 and 2 are 
21±11 and 17±11 µm and the measured mismatches are 20±6 and 15±9 µm as shown in 
Figure 6.13. Estimates were within the confidence intervals of the measurements. The 
estimates and measurements of mismatches along the X-axis are shown in Figure 6.14. 
The estimate at location 2 falls into the 95% confidence interval of the measurement but 
the simulation result at location 4 shows a deviation of 5%. Figure 6.15 shows the 
vertical distance (ΔZi) at locations 1, 2, 3 and 4. The estimated gaps are 319±27 µm. 
The measured distances were 304±9 µm, 321±7 µm, 292±10 µm, and 277±4 µm. The 
estimates at locations 1, 3, and 4 showed a discrepancy of 2-13%, compared to the 
measurements. 
The mismatch between the top and bottom surfaces of the modules in Table 5.9 
was the principal contributor to the lateral mismatches along the X- and Y-axes of 
assemblies. The mismatches of 112±5 µm and 21±3 µm propagated to the lateral 
mismatches of assemblies. The rotational variations about the Z-axis in Figures 6.8 and 
6.9 were 0±0.02° and -0.1±0.01° contributing to the mismatch of 11 µm at both Y- and 
X-axes of assemblies. The simulations and experiments were in agreement in most of 
the cases. Means of half the simulations fell into the 95% confidence interval of the 
measurements for the mismatch and vertical gap between the assemblies. This implies 
that if there are a large number of samples in the assembly experiments, the 
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experimental results may be in accordance with the simulation results. Some 
mismatches and vertical distances showed a discrepancy between the simulations and 
experiments, but the discrepancy was less than 14%. The discrepancies can be 
explained on the basis of the assumptions made in the simulations. The dimensions and 
locations of the assembly features and alignment standards in the simulation were 
assumed to follow a normal distribution. The simulation does not consider the mean 
shift and skewness of the dimensions and locations. The mismatch and vertical distance 
of assembly sets 1 and 2 did not show any significant difference as the radial location of 
the assembly features increased from 16 to 24 mm. 
6.6 Conclusions 
An assembly tolerance model was constructed for modular, polymer 
microfluidic devices. Monte Carlo methods were applied to simulate the tolerance 
analysis using an assembly function for the assembly features. The injection molded 
modular devices were assembled using alignment structures as a demonstration of 
assembly. Experimental mismatches were 15-20 µm and 103-118 µm along X- and Y-
axes and a vertical gap ranged from 277 to 321 µm. Most of the simulations showed 
agreement with experiments but some showed a discrepancy of 2-13% with respect to 
the experimental results. The developed assembly tolerance analysis is applicable to the 
design of cost-effective mass production of modular, polymer microfluidic devices. 
Rani et al. reported the flow behavior at the junction of two microchannels using 
numerical simulations (Rani et al., 2006). Even though the microchannels had a 13% 
reduction in the flow area at the interconnect, no significant change was observed in 
terms of flow rate and species dispersion in the microchannels. Considering the 
measured and molded mismatches along the X- and Y-axes of assembly, fluidic 
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interconnects for the modular devices can be formed via the passive alignment without a 
significant change in the characteristics of the flow.  
The simulations and experiments indicate that the assembly scheme and 
tolerance analysis have great potential for the modularization and assembly of 
microfluidic devices. This may lead to for the realization of the advanced microfluidic 
instruments integrating different functional units. 
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(b) 
 
Figure 6.8 Rotational and translational variation of modular device B with 
assembly features located 16 mm from the center. Rotational 
variation about the: (a) X-axis, (b) Y-axis, and (c) Z-axis and 
Translational variation along the: (d) X-axis, (e) Y-axis, and (f) Z-
axis.  
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Figure 6.8 
(continued) 
 
 
 135 
 
Translation along Y-axis, (m)
-25 -20 -15 -10 -5 0 5 10 15 20 25
N
u
m
b
e
r 
o
f 
o
c
c
u
rr
e
n
c
e
s
0
50
100
150
200
250
300
350
Mean = 0m
Std. Dev. = 6 m
 
(e) 
Translation along Z-axis, (m)
240 250 260 270 280 290 300 310 320 330 340 350 360
N
u
m
b
e
r 
o
f 
o
c
c
u
rr
e
n
c
e
s
0
50
100
150
200
250
300
350
Mean = 299 m
Std. Dev. = 12 m
 
 
(f) 
 
Figure 6.8 
(continued) 
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(b) 
 
Figure 6.9 Rotational and translational variation of modular device B with 
assembly features located 24 mm from the center. Rotational 
variation about the: (a) X-axis, (b) Y-axis, and (c) Z-axis and 
Translational variation along the: (d) X-axis, (e) Y-axis, and (f) Z-
axis. 
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Figure 6.9 
(continued) 
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Figure 6.9 
(continued) 
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Mismatch of Y-axis at location 3, (m)
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(b)  
  
Figure 6.10 Histograms of mismatches of the Y-axis (ΔY1 and ΔY3) between 
modules at locations 1 and 3. The assembly features were located 
16 mm from the center. The measured mean and 95% confidence 
interval are shown using red solid and dashed lines: (a) Mismatch 
of the Y-axis (ΔY1) and (b) Mismatch of the Y-axis (ΔY3).   
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(b) 
 
Figure 6.11 Histograms of mismatches of the X-axis (ΔX2 and ΔX4) between 
modules at locations 2 and 4. The assembly features were located 
16 mm from the center. The measured mean and 95% confidence 
interval are shown using red solid and dashed lines: (a) Mismatch 
of the X-axis (ΔX2) and (b) Mismatch of the X-axis (ΔX4). 
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(b) 
 
Figure 6.12 Histograms of the vertical gaps (ΔZ1, ΔZ2, ΔZ3, and ΔZ4) between 
modules at locations 1, 2, 3, and 4. The assembly features were 
located 16 mm from the center. The measured mean and 95% 
confidence interval are shown using red solid and dashed lines. 
Vertical distance between modules: (a) ΔZ1, (b) ΔZ2, (c) ΔZ3, and 
(d) ΔZ4.   
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Figure 6.12 
(continued) 
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Mismatch of Y-axis at location 3, (m)
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(b) 
 
Figure 6.13 Histograms of mismatches of the Y-axis (ΔY1 and ΔY3) between 
modules at locations 1 and 3. The assembly features were located 
24 mm from the center. The measured mean and 95% confidence 
interval are shown using red solid and dashed lines: (a) Mismatch 
of the Y-axis (ΔY1) and (b) Mismatch of the Y-axis (ΔY3). 
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(b) 
 
Figure 6.14 Histograms of mismatches of the X-axis (ΔX2 and ΔX4) between 
modules at locations 2 and 4. The assembly features were located 
24 mm from the center. The measured mean and 95% confidence 
interval are shown using red solid and dashed lines: (a) Mismatch 
of the X-axis (ΔX2) and (b) Mismatch of the X-axis (ΔX4). 
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(a) 
Vertical distance between modules at location 2, (m)
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(b) 
 
Figure 6.15 Histograms of the vertical gaps (ΔZ1, ΔZ2, ΔZ3, and ΔZ4) between 
modules at locations 1, 2, 3, and 4. The assembly features were 
located 24 mm from the center. The measured mean and 95% 
confidence interval are shown using red solid and dashed lines. 
Vertical distance between modules: (a) ΔZ1, (b) ΔZ2, (c) ΔZ3, and 
(d) ΔZ4.   
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Figure 6.15 
(continued) 
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CHAPTER 7. CONCLUSIONS AND RECOMMENDATIONS 
 
7.1 Conclusions 
Microassembly technology for cost-effective mass production of modular, 
polymer microfluidic devices was investigated. Screw theory was applied to the 
kinematic design of assembly features, numerical simulations and experiments were 
used to understand micro injection molding, the modular microdevices with assembly 
features and alignment standards were fabricated using doubled-sided injection molding, 
and an assembly tolerance model was developed to predict the accuracy of the assembly. 
To validate the assembly scheme, modular device testbeds were assembled using 
passive alignment without additional active alignment.  
Microassembly technology shows great potential for realization of advanced 
biochemical instruments integrating different functional units. It is also expandable to 
the assembly of hybrid microsystems and parallel microassembly.       
7.1.1 Kinematic Design of Assembly Features 
In microasembly, most researchers have depended on static analysis to design 
assembly features. One problem common to assemblies of microfluidic devices to date 
is the design of assembly features without considering motion and constraint analysis.  
Kinematic modeling of assembly features was introduced for assessing the state 
of constraint and providing information on the relative motion of assembled devices. 
Screw theory was applied to the kinematic modeling of assembly features for modular, 
polymer microfluidic devices. From the motion and constraint analysis, the designed 
assembly features, a combination of three v-groove and hemisphere-tipped post joints, 
exactly constrained any infinitesimal motion between the two modular devices without 
 148 
over-constraint. The results of the kinematic design using screw theory will contribute 
to precise, passive alignment of modular, polymer microfluidic devices without 
additional active alignment processes in microassembly. 
7.1.2 Parametric Analysis of Micro Injection Molding 
Simulations and experiments were conducted for the replication of microscale 
assembly features to investigate micro injection molding process. Three-dimensional 
simulations, a using volume mesh, overestimated replication fidelity of the features, 
compared to experimental results. CAE models in simulation required a large number of 
elements to represent microscale assembly features on biochips.  
From the simulations and experiments, the replication fidelity depended strongly 
on process parameters including the mold surface temperature and injection speed, but 
also on the design of the mold including feature sizes and locations. For successful 
replication of the features, the choice of process parameters is important to prevent the 
premature solidification of the melt until the microcavities are filled. 
7.1.3 Double-Sided Injection Molding for Modular Microfluidic Devices   
Two brass mold inserts were designed for the fabrication of the modular device 
testbeds with assembly features on both the top and bottom surfaces. The modular 
devices were successfully replicated using doubled-sided injection molding. The 
dimensions and locations of the assembly features and alignment standards on the 
injection molded devices were characterized to assess the dimensional and location 
integrity. The mismatch between the top and bottom surfaces of the modular devices 
was also evaluated. Double-sided injection molding has significance for the 
modularization and assembly of biochemical instruments. For example, genetic analysis 
typically requires multiple functional steps from sample preparation to identification. 
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Three or more modules can be assembled using assembly features on the top and 
bottom surfaces of the devices as a complete system.    
7.1.4 Assembly Tolerance Model 
The dimensional and location variation of assembly features are inevitable in 
manufacturing processes. The variation of injection molded devices were accumulated 
in the assembled system. An assembly tolerance model was constructed for cost-
effective mass production of modular, polymer microfluidic devices. Monte Carlo 
methods were applied to simulate the tolerance analysis. The injection molded modular 
devices were assembled using assembly features for the demonstration of assembly. The 
experiments yielded the mismatches from 118±11 µm to 103±7 µm along the X-axis 
and from 16±4 µm to 20±6 µm along the Y-axis. The vertical gaps ranged from 296±9 
µm to 321±7 µm. Most of the simulations were in accordance with the experiments but 
some showed a difference of 2~13% with respect to the experiments. The discrepancy 
was attributed to unmodeled aspects of the assembly. 
The simulations and experiments showed that the assembly scheme and 
assembly tolerance analysis have great potential for the modularization and assembly of 
microfluidic devices for the realization of the advanced microsystems integrating 
different functional units. 
7.2 Recommendations  
The microassembly technology was developed for modular microfluidic devices. 
Such devices were fabricated and assembled and the assembly tolerance analysis was 
performed. However, there are still room for improvements in strengthening and further 
enhancement of the advantages of the achievements in order to realize a complete 
modular, polymer microfluidic system. Recommendations for further research include 
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the development of an alignment system for double-sided injection molding, a robust 
assembly tolerance analysis and allocation, hybrid assembly using different polymers, 
and bonding or sealing methods for enclosing the modular devices. 
7.2.1 Alignment System for Doubled-Sided Injection Molding  
The modular devices were fabricated using double-sided injection molding. A 
critical issue in the molding is the alignment of two mold inserts. The mismatch 
between two mold inserts is transferred directly into the mismatch of the assembled 
system. In present research, the mismatch between the mold inserts contributed 
principally to the mismatches along X- and Y-axes of the assembly. The development 
of an appropriate alignment system for the mold inserts is necessary to achieve precise 
location of one mold insert with respect to the mating mold insert during molding. This 
will significantly improve the accuracy of assembly. 
7.2.2 Robust Assembly Tolerance Analysis and Allocation   
Assembly tolerance analysis simulated variation of the assembly, successfully. 
In the simulation, dimensional and location variations of the assembly features and 
alignment standards were modeled normally distributed. If the mean shift and skewness 
of the assigned variations were considered, the simulation can more accurately estimate 
variation of the assembly. Including mean shift and skewness in the variations will 
make more robust estimation of assembly variation. 
An assembly tolerance model was introduced to study only assembly tolerance 
analysis. However, this model has to be used to analyze the sensitivity of assembly to 
feature variation of the part. To control variation effects at the assembly level, the 
sensitivity of each variation can be analyzed using the tolerance model and the largest 
contributor to assembly variation can be extracted. Therefore, variations of assembly 
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features will be allocated to meet the performance requirements of the assembly. 
7.2.3 Hybrid Assembly Using Different Polymers 
The modular devices were fabricated using PC for the experimental 
demonstration of the assembly. The modular systems can also be fabricated and 
assembled using different polymers to meet performance requirements or 
manufactuability of individual modules. Hybrid assembly of modular devices made of 
different polymers can significantly increase usefulness, flexibility, and applications of 
the modular systems for biochemical analysis. 
7.2.4 Bonding or Sealing Methods for Enclosing Modular Devices   
The bonding or sealing methods to enclose the assembly have to be considered. 
They realize complete modular systems enabling biochemical analysis. Bonding or 
sealing of multiple layers consisting of two or more materials has to be developed for 
the assembly.  
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APPENDIX A SPECIFICATIONS OF THE MICROMILLING MACHINE 
 
Table A.1 Specifications of the micromilling and drilling machine (KERN 
Micro- und Feinwerkchnik GmbH & Co. KG, Germany). 
 
Spindle (Max.) 40,000 rpm 
Bed Size (X/Y/Z) 250/220/200 mm 
Feed Rate 1 - 6,000 mm/min 
Precision 
(X/Y/Z Axes) 
Resolution 0.0001 mm 
Positioning ±0.001 mm 
Repetition ±0.001 mm 
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APPENDIX B PERFORMANCE OF THE MEASUREMENT SYSTEMS 
 
The performance of the measurement systems can be represented by the 
accuracy and precision (Slocum and Weber, 2003). Accuracy is the ability to measure 
the real value and precision is the repeatable measure of the same value (Fortini, 1967; 
Slocum, 1992b). To verify the accuracy and precision of the Measurescope, two gauge 
blocks (Mitutoyo Corp., Kawasaki, Japan), having thicknesses of 0.508 mm and 10.160 
mm were used. The magnification of the Measurescope was 10×10. The thickness was 
measured nine times without removing the gauge block from the Measurescope. The 
measurement performance for the 508.0 µm gauge block is summarized in Table B.1. 
The accuracy of the Measurescope was 2 µm and the precision was 2 µm. Table B.2 
shows the measurement performance for the 10.160 mm gauge block. The accuracy of 
the Measurescope was 1 µm and the precision was 3 µm.  
 
Table B.1 The measurements obtained from the gauge block, having of 
508.0 µm thick using a Measurescope (MM-22, Nikon, 
Kawasaki, Japan) with 10×10 magnification. 
 
Maximum value 510 µm 
Minimum value 509 µm 
Mean value 510 µm 
Standard deviation 1 µm 
3 sigma  1 µm 
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Table B.2 The measurements obtained from the gauge block, having of 
10.160 mm thick using a Measurescope (MM-22, Nikon, 
Kawasaki, Japan) with 10×10 magnification. 
 
Maximum value 10.163 mm 
Minimum value 10.159 mm 
Mean valve 10.161 mm 
Standard deviation 1 µm 
3 sigma 1 µm 
 
To verify the accuracy and precision of the SEM, a silicon test specimen 
(Electron Microscopy Science, Washington, PA), with a 500 µm square mesh was used. 
The measurement performance is shown in Table B.3. The accuracy of the measurement 
system was 2 µm and the precision was 3 µm. 
 
Table B.3 The measurements of a silicon test specimen (Electron 
Microscopy Science, Washington, PA), with a square 500 µm 
mesh using a SEM (S-360N, Hitachi, Tokyo, Japan). 
 
Maximum value 503 µm 
Minimum value 501 µm 
Mean valve 502 µm 
Standard deviation 1 µm 
3 sigma 1 µm 
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Table B.4 The measurements obtained using an optical profilometer from 
a silicon test specimen (Electron Microscopy Science, 
Washington, PA), having a 100 µm square mesh. 
 
Maximum value 100.0 µm 
Minimum value 99.3 µm 
Mean valve 99.7 µm 
Standard deviation 0.2 µm 
3 sigma 0.6 µm 
 
Table B.5 The measurements obtained using an optical profilometer from 
a silicon test specimen (Electron Microscopy Science, 
Washington, PA), having a 400 µm square mesh. 
 
Maximum value 401.2 µm 
Minimum value 398.0 µm 
Mean valve 399.7 µm 
Standard deviation 1.1 µm 
3 sigma 3.3 µm 
 
 
 
 
 
 
 168 
APPENDIX C SPECIFICATIONS OF THE INJECTION MOLDING MACHINE 
 
Table C.1 Specifications for the injection molding machine BA 500/200 
CDK-SE (Kottingbrunn, Germany). 
 
 Injection unit 
Maximum injection stroke 140 mm 
Maximum injection rate 102.6 cm
3
/s 
Maximum injection pressure 134 MPa 
Screw diameter 35 mm 
Clamping unit Maximum clamping force 50.9858 tonne 
Dimensions of machine 
Length 3715 mm 
Width 1430 mm 
Height 1725 mm 
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